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Transition metal oxides exhibit various polymorphic structures, among which many are 
neither stable in ambient conditions nor can be easily synthesized. Integration of these 
metastable phases on Si substrates promises novel device functionalities. Prime among 
them is metal insulator transition based functionality using transition metal oxides such 
as VO2(M). VO2 exhibits two other layered polymorphs which are promising materials 
to study strong electronic correlations resulting from structure [VO2(A)] or their use as 
electrode materials for batteries [VO2(B)]. However, growing single crystal thin films 
of these novel metastable phases have remained a challenge.  
I demonstrate for the first time that high quality single phase films of VO2(A, B, and M) 
can be grown on Si substrate by controlling the vanadium arrival rate (laser frequency) 
and oxidation of the V atoms. Single phase monoclinic VO2(M), tetragonal VO2(A) and 
monoclinic VO2(B) thin films were grown on (100) SrTiO3 (STO) and (100) STO (28 
nm) buffered Si substrates using PLD. A phase diagram has been developed (oxygen 
pressure versus laser frequency) for various phases of VO2. A detailed structural 
analysis, coupling X-ray diffraction and transmission electron microscopy, revealed a 
[011]VO2(M)||[100]STO, [110]VO2(A)||[100]STO, [001]VO2(B)||[100]STO epitaxial 
relationship and the presence of 90° oriented domains for VO2(A) and VO2(B) thin 
films respectively. The transport measurement showed that B is semi-metallic, A is 
insulating while M is semiconducting which was corroborated by the HAXPES 
measurements. Furthermore, the presence of the V-V dimers (present in all phases with 
varying amounts) probed by Raman and infrared spectroscopic measurements in the 
three polymorphs underscores the importance of dimerization that strongly influences 
the electronic properties of VO2. Considering the R/M system, orbital band diagram 





VO2(M) are proposed. In order to corroborate our model a deep study on the behavior 
of these two polymorphs grown on STO and STO-Si substrate, in term of structural 
behavior as well as electronic transport behavior is performed.  
I present a detailed study on composite films of VO2(A) and VO2(B) phases and show 
that these composite films exhibits a metal insulator transition similar to the VO2(M/R) 
phase transition. However, extensive TEM and temperature dependent XRD studies 
reveal that the film is mainly comprised of VO2(A) and VO2(B) phases and very little 
of M phase. The A phase is under compressive stress while the B phase is under tensile 
stress and we believe this stress leads to the dimer induced metal insulator transition in 
this system presumably triggered by the small amount of M phase present. This raises 
the question “Is a structural phase transition necessary for the metal to insulator 
transition (MIT) in VO2(M)?” 
I report the study on a coherently coupled interfaces of ZnO/VO2(M) in a 
heterostructure form to study the effect of strain exerted due to the structural phase 
transition of VO2(M) on the over-layer. This strain induced defects in the over layer 
(ZnO) was monitored by measuring the photoluminescence from ZnO which exhibited 
a temperature dependent hysteresis similar to the hysteresis in transport exhibited by 
the VO2 layer below.  
Considering the strong potential application in devices of the two polymorphs VO2(A 
and B), I report on the electronic properties of the junctions formed in VO2(A)/ Nb-
SrTiO3 and VO2(B)/ Nb-SrTiO3. Both the junctions showed rectifying behavior while 
temperature dependent I-V and 1/C2-V behaviors confirmed that for VO2(B)/ Nb-
SrTiO3 rectified junction, the surface electronic structure of VO2(B) is distinct from 
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In this chapter, we discuss the crystallographic transition for the VO2(M1) along with 
their energy band diagram. A short literature survey is also given on the recent 
development of the understanding of VO2(M1). Background information on the other 
polymorphs of VO2 namely M2, M3, R, A and B is provided, mainly on their growth 
process as well as their structures. A brief discussion of the substrates used for the 
growth of films of these materials in a single, oriented crystalline phase like Al2O3, 
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1. 1 Crystal structure of VO2(M1) and VO2(R) 
 
Vanadium dioxide (VO2) is an n-type semiconductor with a band gap of 0.5-0.7 eV at 
room temperature. From the time (1959) Morin reported that VO2 undergoes a 
reversible semiconductor to metal transition (SMT) at a critical temperature of ~68 °C 
[1] it has been an exciting research area for theoretical and experimental condensed-
matter physics and materials research and even today this continues to be one of the 
cutting edge problems in oxide materials. The semiconductor-to-metal transition (SMT) 
observed in VO2 arises from a subtle interplay between atomic structure and charge 
carriers across the transition temperature (Tc). At this temperature, the changes in the 
electronic band structure are accompanied by a structural transition. Under Tc it adopts 
a less symmetric monoclinic structure with a space group 𝑃21/𝑐  (#14) named M1 
phase. The lattice parameters are am = 5.743 Å, bm = 4.517 Å, cm = 5.375 Å, β = 122.6°. 
In the M1 phase the V ions are sitting at the off centered position of the octahedral 
interstitial site formed by the oxygen ions as shown in Figure 1.1 (a). The octahedra of 
the same unit cell as well as in the adjacent unit cell share a common edge with two 
different alternating V-V distances (2.6542 Å, 3.1246 Å). These figures are drawn 
using Diamond and VESTA softwares. 
At high temperature, VO2 crystallizes in a tetragonal structure (rutile) with a space 
group 𝑃42/𝑚𝑛𝑚 (#136) named R phase and lattice parameters are at = b t = 4.55 Å and 
ct = 2.87 Å. The VO2(R) is a very symmetric structure with vanadium atoms at the 
center of the regular edge shared oxygen octahedra which builds a metallic V chains 
along the c axis of the structure (Figure 1.1 (b)). The tetragonal phase contains only one 
type of V-V bonds at 2.8514 Å, two V-O bonds are at 1.933 Å and the other four are at 
1.922 Å, with their fourfold axes aligned alternatively along [110] and [11�0] directions. 
Both the structures are related with the following relation am = 2ct. This doubling of the 
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unit cell and structural phase transition occurs due to the dimerization and tilting of the 
V atoms along the ct axis.  
 
Figure 1.1 Ball and stick model for the (a) Monoclinic M1~M (b) Rutile (R). 
  
1. 2 Transition Mechanism: Peierls vs Mott-Hubbard? 
 
Since the discovery of VO2 in 1959 by Morin et al [1], vanadium oxide has been a 
subject of debate for the research community due to its structural and electronic 
peculiarities. Recent advancement in dynamical mean field theory [2], femtosecond and 
terahertz spectroscopy [3, 4], and electron diffraction [5] techniques provide excellent 
spatial and temporal resolution to study the structural and electronic aspects of this 
puzzle. To this date it remains uncertain whether the structural phase transition is a 
prerequisite for the metal – insulator transition in VO2 or not. It can be considered as a 
model system to understand the roles of electron-electron, and electron-phonon 
coupling in the transport properties and phase separations in a highly correlated 
electronic system. Goodenough [6] in 1971 proposed a molecular picture based on 
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crystal field theory as shown in Figure 1. 2 to explain the simultaneous occurrence of 
the structural and electronic phase transition in VO2 at a particular temperature (340 K), 
which is based on one-electron 3d14s04p0 energy levels for cation V+4 and the 2s22p6 
energy levels for anion O-2.  
 
Figure 1.2 Molecular orbital picture depicting the electronic structure of the 
monoclinic and tetragonal phases of VO2.  
 
According to Goodenough in the tetragonal phase the vanadium atoms are aligned 
along the c axis as shown in Figure 1.1 (b). The crystal field of the oxide ligands splits 
the d orbital into 𝑡2𝑔  and 𝑒𝑔  orbital. The 𝑑3𝑧2−𝑟2  and 𝑑𝑥𝑦  orbital related to 𝑒𝑔  point 
directly toward the oxide ligands as shown in Figure 1.3 and give rise to 𝑒𝑔𝜎  and 𝑒𝑔π 
bonding states of V 3d-O 2p molecular orbitals. In contrast, the 𝑡2𝑔 states are built from 
the 𝑑𝑥2−𝑦2  , 𝑑𝑥𝑧 , and  𝑑𝑦𝑧  orbitals The exact position and width of the d bands is 
subject not only to the p–d hybridization but also strongly influenced by direct metal-
metal interactions. The 𝑑𝑥𝑧 and 𝑑𝑦𝑧 forms a “π” overlap with the oxide ligands and will 
give rise to antibonding π* states, whereas the 𝑑𝑥2−𝑦2  orbital is directed toward 
adjacent V atoms and experience a strong overlap parallel to the rutile c axis. These 
orbitals are of 𝑏1𝑔 symmetry but are usually designated as the 𝑑∥ bands. Due to strong 
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hybridization between the oxygen 2p and vanadium 3d orbitals, among the σ and π 
bands the p-d overlap is stronger for the σ bond hence they experience a larger bonding 
and antibonding splitting. Not only that the π and σ states will be filled and primarily of 
O 2p character, the corresponding antibonding bands will be dominated by the V 3d 
orbitals.  
 
Figure 1.3 Angular part of the d orbitals in the tetragonal VO2 [7]. 
 
Upon cooling through the phase transition and stabilization of the M1 phase, the 
dimerization and tilting of VO6 octahedra have two notable effects on the energy level 
diagram. The tilting of the VO6 octahedra facilitates improved π overlap between the V 
t2g and O 2p levels and thus raises the antibonding π* level due to a concurrent 
stabilization of the bonding states. More importantly, the 𝑑∥ bands no longer remain 
nonbonding in the monoclinic phase but instead strongly interact within the molecular 
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dimers and are split into a 𝑑∥ bonding and antibonding combination [8]. The single d 
electrons from each of the vanadium atoms in the dimer occupy the bonding 𝑑∥ level, 
hence opens a band gap of 0.6-0.9 eV between the 𝑑∥ bonding and lowest unoccupied 
states formed by π* antibonding states that are at slightly higher energies than those in 
the rutile structure, owing to the canting of the octahedra along the c axis. This simple 
but elegant model serves well to qualitatively explain the nature of the metal-insulator 
phase transition in VO2 but from a band structure perspective, crystalline lattice 
distortion and associated symmetry lowering can induce a true band gap only when the 
bandwidths are on the order of the induced gap [9]. That means only those materials 
with exceedingly narrow but partially filled bands can receive sufficient energetic gain 
from a lattice deformation to have a 𝑑∥ bands splitting as mentioned earlier. Despite the 
fact that VO2 has more compressed d orbital’s compare to their contemporary metallic 
binary oxides such as Mo and W, experimental data do not show any evidence of 
extremely narrow bands. Other findings like existence of M2 phase, under strain or by 
small substitutional doping of Cr or Al, shows insulating behavior even though they 
have half of the V chains undimerized along the rutile c axis [10, 11], suggesting that 
the Peierls distortion model does not effectively describe this metal-insulator phase 
transition in VO2. This situation has inspired the invocation of a Mott-Hubbard picture 
wherein electron correlation effects also play an important role in defining a band gap 
for the dielectric phase. According to the Mott picture the band gap in the monoclinic 
VO2 can be attributed to strong electron correlations. In Mott insulator when the two 
electrons come closer due to strong electron-electron interaction and can be considered 
as localized electron, and if due to this localization the gain in kinetic energy of these 
electron become smaller than the coulomb repulsion between these electrons the system 
shows preference for an insulating phase. In Mott insulators there is a critical carrier 
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density which can be achieved by thermal heating, optical pumping or even due to 
structural transition. Above this critical carrier density the excitons (electron-hole 
attraction which were screened by the free carriers) will no longer be bound and a 
discontinuous step change in the free-carrier density can be observed and the system 
will transform into correlated metallic phase. The idea of putting VO2 into a strongly 
correlated Mott insulator class is supported by many experimental observations.  
1. Metallic phase of VO2 exhibits relatively low mobility (0.1-1 cm2/V-s) [12]. 
2. Very short electron mean free path on the order of the lattice constant [13]. 
3. VO2 above the MIT behaves like a poor metal which is characteristic of electron 
correlation in the metallic phase [14, 15]. 
4. The photoexcitation of charge carriers in the insulating phase using optical 
pump probe experiment induces a nonthermal phase transition to metallic state 
[5, 16].     
It is clear from these experiments that in VO2 the transition to the metallic phase is 
induced only above a critical flux of the incident laser beam, which is consistent with 
the Mott-Hubbard picture of requiring sufficient density of free carriers to screen 
excitonic interactions due to strong electron correlations. Despite these observations, 
the strong dimerization, as well as the nonmagnetic behavior of VO2 underlines 
additional mechanism than a simple Mott insulator picture.  In the subsequent chapters 
we will try to understand and find a solution to this 60 year old mystery of whether 
VO2 is an example of Peierls insulator, Mott insulator or is best considered as a specific 
case of a charge ordered Mott insulator. 
1. 3 Development in the understanding of VO2 field in chronological order 
 
Below are listed some important recent theoretical and experimental development in 
the understanding of nature of the VO2 and its phase transition in chronological order.  
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HAVERKORT et al. (2005) [17]: “Orbital-Assisted Metal-Insulator Transition in VO2” 
 In this report they showed experimental and simulated polarization-dependent 
X-ray absorption spectra (XAS) for both VO2(M1) and VO2(R) phases at the V 
L2,3 edges (2p→3d,  between 510 eV-530 eV). 
 They observed dramatic spectral weight transfer across the transition and strong 
polarization dependence for the VO2(M1) phase and almost isotropic behavior 
for the metallic VO2(R) phase indicating the crucial role of the orbitals and 
lattice in the correlated motion of the electrons". 
 They concluded that (i) change in orbital polarization not only reduces the 
effective bandwidths but also triggers the transformation of the electronic 
structure of VO2 from three-dimensional (R phase) to one-dimensional (M1 
phase). This makes the V ions in the chains along the rutile c-axis very 
susceptible to a Peierls transition. (ii) Strong electron correlations narrows-
down the VO2 bands and hence bring it close to the Mott regime. Hence they 
concluded that the VO2 phase transition is an “orbital-assisted collaborative 
Mott-Peierls transition". 
BIERMANN et al. (2005) [2]: “Dynamical Singlets and Correlation-Assisted Peierls 
Transition in VO2” 
 In this report they calculated the electronic structures of metallic (R phase) and 
semiconducting (M1 phase) VO2, using: (i) a cluster extension of dynamical 
mean-field theory (C-DMFT) in combination with (ii) density functional theory 
within the local density approximation (DFT-LDA). 
 They treated the V-V dimers as the fundamental unit of the calculation (hence, 
“cluster model"). 
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 They succeeded (unlike the standard single-site LDA+DMFT treatments) in 
correctly predicting the insulating nature of the M1 phase, with a bandgap of 
~0.6 eV and a large charge redistribution in favor of the 3𝑑∥ band-both in good 
agreement with experiments. 
 They concluded that nonlocal correlations effectively assist the Peierls-like 
transition, with dimerization in the M1 phase causing the formation of 
molecular singlets within the 3𝑑∥ channel embedded in a bath. 
KÄUBLER et al. (2007) [18]: “Coherent Structural Dynamics and Electronic 
Correlations during an Ultrafast Insulator-to-Metal Phase Transition in VO2.” 
 In this report the authors directly measured the temporal change in optical 
conductivity (Δ𝜎1) in the mid-IR (hν = 40−110 meV) range for the VO2 thin-
film grown by pulsed laser deposition on a CVD diamond substrate.  
 12-fs optical laser pulses with pumping wavelength λ = 800 nm was used to 
trigger the insulator-to-metal transition, and multi- THz probe pulses with a 
variable pump-probe time delay was used to map Δ𝜎1  both temporally and 
spectrally. 
 The simultaneous resolution of the spectral signatures of electronic (hν ≥ 85 
meV) and lattice (40 meV < hν < 85 meV) degree of freedom, indicated 
different dynamics of the electronic and lattice contributions to Δ𝜎1. 
  They concluded that ultrafast photoexcitation of spin singlets, i.e., the V-V 
dimers, into a conductive state followed either by a subpicosecond recovery of 
intradimer electron correlations causing a return to the insulating state for φ < φc 
(the threshold fluence in their experiment is 4.6 mJ-cm-2) or by settling into a 
metallic sate for φ < φc, with the lattice still undergoing coherent oscillations far 
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from equilibrium. This suggested that the crystalline phase transition and the 
metal insulator transition need not be linked. 
QAZILBASH et al., (2007) [19]: “Mott transition in VO2 revealed by infrared 
spectroscopy and nano-imaging.” 
 In this report the authors measured the electromagnetic response of a VO2 thin 
films using the scanning near-field infrared microscopy combined with far-field 
infrared spectroscopy upto a 20 nm spatial scale. 
 They showed the appearance and evolution of “nanoscale metallic puddles” in a 
narrow temperature range at the onset of the MIT which they found 
characteristically different (enhanced low-frequency effective optical mass at T 
= 342 K compared to the R-phase values at 360 K) from the rutile metallic 
phase of VO2.    
 From the divergent behavior of the temperature- dependent low frequency 
effective optical mass near the MIT, which arises from the electronic 
correlations due to many-body coulomb interaction, they concluded that VO2 is 
a “Mott insulator with charge ordering.”   
M. Nakano et al., (2012) [20]: “Collective bulk carrier delocalization driven by 
electrostatic surface charge accumulation.” 
 They fabricated micro-patterned electric double layer transistors (EDLTs) with 
c-axis oriented 10 nm VO2 epitaxial thin films in a side-gate configuration. To 
see the effect of the electric field on the transport properties of VO2, they 
measured the four-terminal normalized sheet resistance (Rs) at different ionic 
liquid gating voltages. 
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 They found that electrostatic charging at a surface drives all the previously 
localized charge carriers in the bulk material into motion, leading to the 
emergence of a three-dimensional metallic ground state. This non-local 
switching of the electronic state is achieved by applying a voltage of only about 
one volt.  
 They concluded that the suppression of the MIT with the emergence of the 
metallic ground state by applying a critical VG (> 0.7 V) and shift in the MIT for 
VG (> 0.7V) are not merely driven by electrostatic effect but also by 
electrostatic charge accumulation at the surface of the VO2 channel.   
These recent findings have allowed further refinements of our understanding of 
mechanistic aspects of this phase transition and suggest that it is both structurally and 
electronically driven, and perhaps, VO2 is best considered as a specific case of a charge 
ordered Mott insulator. Geometric confinement, substrate interactions, and varying 
defect densities of VO2 can give rise to an electronic and structural phase diagram that 
is substantially altered from the bulk. We postulate that design principles deduced from 
fundamental understanding of phase transitions in VO2 system will allow the predictive 
and rational design of systems with tunable charge and spin ordering in other oxide 
system hence making the study of this system an exciting research topic. 
1. 4 VO2 polymorphism and phase transition 
 
The various polymorphs of Vanadium oxide present a wide range of practical 
applications such as catalysts, cathode materials for reversible lithium-ion batteries, gas 
sensors, optical switching devices and intelligent thermochromic windows [21-23]. 
They exhibit a variety of structural motifs with various types of coordination polyhedra 
such as tetrahedron, octahedron, trigonal bipyramid and distorted octahedron based on 
which a phase diagram has been generated to understand the growth of different 
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vanadium oxide phases [24] as shown in Figure 1.4. In the class of vanadium oxide, 
VO2 exhibits a number of polymorphic forms, such as VO2(M1), VO2(M2), VO2(M3), 
VO2(R), VO2(A), VO2(B) and VO2(C). Various preparation techniques have been used 
and developed to stabilize these phases in bulk and thin film forms. 
 
 
Figure 1.4 Experimental phase diagram of the VOx system [24]. 
 
Pyrolysis of vanadium precursor [25], soft-chemical route [26], reduction of V2O5 into 
VO2(M) [27], transforming the VO2(A) or VO2(B) powders using heat treatment into 
VO2(M) and hydrothermal synthesis technique [28-31] have been used to study these 
phases in the bulk and nanostructured forms. Different synthesis methods have been 
employed for thin film VO2 growth, including sol-gel technique [32], reactive 
magnetron sputtering [33, 34], metalorganic chemical vapor deposition technique [35, 
36] and pulsed laser deposition (PLD) [37]. Using the PLD technique, with the proper 
choice of single crystal substrate (Al2O3, MgO, TiO2) and their orientation one can 
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stabilize successfully M or R phases [38, 39]. It has also been reported that with a 
moderate doping of Cr in VO2 we can stabilize the missing M2 and M3 phases [40] 
along with the M1 and R phases of VO2 [41-43].  
1.4. 1 VO2(M2) monoclinic phase 
 
The growth of monoclinic VO2(M) on different substrates like single crystal Al2O3, Si, 
MgO has been extensively studied [44]. In addition to the substrate strain on VO2, 
which can shift the semiconductor-metal transition (SMT) from 340 K to either lower 
temperature or higher temperature, the proper chemical substitution of V significantly 
affects the physical properties of VO2. For example minor donor impurities such as W6+, 
Nb5+, Mo5+ etc,; can shift the SMT below room temperature [45, 46] while acceptor 
impurities such as Cr3+, Al3+ have very little effect on electrical conductivity but can 
give rise to important structural modification [47]. According to V1-xCrxO2 phase 
diagram reported by Marezio et al [48] (Figure 1.5), the transition from M1 to M3 
phase is observed for x<0.004 while an increase in the Cr concentration helps to 
stabilize M2 phase.  
 
Figure 1.5 Phase diagram of V1−xCrxO2 and M1, M2, and M3 indicate the metallic 
rutile and the three insulating monoclinic phases, respectively [47]. 
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In the M2 structure the dimerization observed in the M1 phase (Figure 1.6 (a)) is 
partially removed: one-half of the V atoms dimerize along the c axis and the other one 
forms zigzag chains of equally spaced atoms (Figure 1. 6 (b)). In the M3 structure those 
chains, which are dimerized in the M2 phase, gradually start to tilt, whereas the zig-zag 
chains start to dimerize. 
 
Figure 1.6 (a) Monoclinic M1~M (b) Monoclinic M2 structure of VO2 [7]. 
 
Figure 1.7 Comparison of lattice parameters of M1, M2 and R phases. 
 
Figure 1.7 shows the comparison of the lattice parameters of three polymorphs of VO2 
mainly R, M1~M and M2.  The bulk lattice constant of the M1~M phase as compared 
to R is shorter by ∼0.6% along the 𝑎𝑅 axis, shorter by ∼0.4% along the 𝑏𝑅 axis, and 
longer by ∼1.0% along the 𝑐𝑅  axis [49] while lattice constant of the M2 phase as 
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compared to R is shorter by ∼0.4% along the 𝑎𝑅 axis, shorter by ∼0.7% along the 𝑏𝑅 
axis, and longer by ∼1.7% along the 𝑐𝑅 axis. The resulting volume changes from the R 
to the M1~M and M2 insulating phases are -0.044 and 0.6%, respectively [50]. 
1.4. 2 VO2(A) Tetragonal Phase 
 
The VO2 polymorph referred as VO2(A) is a metastable layered structure, which 
undergoes a  phase transition at 162 °C, from a tetragonal structure (P4/ncc, (# 130) to 
another tetragonal structure (I4/m, (# 87)). The low temperature phase of VO2(A) is a 
tetragonal structure with lattice parameter a = b = 8.44 Å, Z = 16, space group P42/nmc 
(138) [51]. The fourfold axis of the oxygen octahedra are aligned along a single [001] 
direction i.e. along the c axis of tetragonal VO2(A) (Figure 1.8).  
 
Figure 1.8 Bulk crystal structure of VO2(A) (LTP, P4/ncc, #130). 
 
The V4+–V4+ bonding in low temperature phase (LTP) of VO2 (A) with an alternate 
distances of 2.7696 Å and 3.1022 Å is dissociated in high temperature phase (HTP) 
with a distance of 3.0794 Å reported by Oka et al., [51, 52]. At low temperature (T= 
162.8°C) the electrons involved in the V4+–V4+ bonds between VO6 octahedral are 
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localized, whereas these electrons are delocalized at high temperature (T= 160.8°C) 
hence they claimed the HTP of VO2(A) to be metallic. Several decades later Oka and 
Yao et al [51-54] studied the electrical properties, the phase transition mechanism, and 
the structure of the high- and low temperature phases.  
They then re-determined these materials as AH (I4/m, 87) and AL (P4/ncc, 130) phases, 
respectively. However, no thermal effect from a phase transition during cooling was 
reported in their work. Over the past decade, few works on VO2(A) have been reported. 
Recently, Ji et al. [55, 56] used a hydrothermal method to synthesize VO2(A) nanorods 
using oxalic acid to reduce V2O5, and studied the effect of doping on the phase 
transition behaviour. Several other researchers subsequently focused on VO2(A). Li et 
al. [57] [58]studied the electric properties of VO2(A). Zhang et al. [59] studied the 
optical and phase transition properties of VO2(A). Dai et al. [60] synthesized three 
different morphologies of VO2(A), i.e., nanowires, nanobelts and nanorods, using a 
hydrothermal method. In addition, the performance of these nanostructures in a Li-ion 
battery was also investigated, in which the nanowires exhibited the highest capacity and 
excellent cycling performance. 
However, to the best of our knowledge, the number of reports on VO2(A) is still very 
limited because the growth conditions of VO2(A) are so difficult that this metastable 
phase is usually missed during the preparation of VO2 polymorphs.  
1.4. 3 VO2(B) Monoclinic Phase 
 
The monoclinic VO2(B) with lattice parameter aB = 12.093 Å, bB = 3.702 Å, cB = 6.433 
Å, and β  = 106.97°, Z = 8, belongs to a space group C2/m (#12) [61]. The VO2(B) 
structure can be considered as formed by two identical layers of atoms along b axis. 
Figure 1.9 shows the arrangement of octahedra in the (010) plane of VO2(B). In this 
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structure the deformed oxygen octahedral and the vanadium atoms being no longer in 
the center of the octahedral leads to two types of octahedras. The ex-fourfold axes of 
the oxygen octahedra are more or less aligned along the [010] direction. Low-
temperature X-ray studies done by Oka et al., [61] on VO2(B), revealed a 
transformation from one monoclinic phase at low temperatures to another at high 
temperatures. Upon the transition from the high-temperature phase to the low 
temperature phase, a contraction of the c-axis accompanied by an expansion of the a- 
and b-axes was noted, caused by a pairing of the V4+–V4+ bonds in the low-temperature 
phase.    
 
Figure 1.9 Bulk crystal structure of VO2(B) (HTP, C2/m, #12). 
 
The V4+–V4+ bonding in LTP of VO2(B) at 50 K with a distance of 2.867 Å is 
dissociated in HTP with a distance of 2.670 Å at 300 K reported by Oka. VO2(B), 
owing to its layered structure and metallic properties is an attractive material for 
various applications especially as an electrode material for lithium batteries [62]. 
Through crystallographic analysis, Galy et al., [63] proposed a simple mechanism of 
crystallographic slip of Cs=1/3 [-100] (001) to explain the transformation from VO2(B) 
to VO2(A). 
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These metastable phases have been the subject of considerable interest due to their 
unique and superior physical and chemical properties. Among those functional complex 
oxides, vanadium oxides can adopt a wide range of V:O ratios, resulting  in different 
structural motifs with various types of coordination polyhedra. The two layered 
polymorphs VO2(A) and VO2(B) are promising materials for science and technology. 
VO2(A) is important for the study of strong electronic correlations resulting from 
structure and VO2(B) is important for its use as electrode materials for batteries. 
Various preparation techniques have been used and developed to stabilize these phases 
in bulk and thin film forms. In this work we study the growth of epitaxial, single phase 
tetragonal VO2(A) and monoclinic VO2(B) thin films on appropriate substrates using 
PLD and compare their novel properties with VO2(M) phase films. 
1. 5 Substrate and buffer layer materials for film growth 
 
Choice of substrate is very crucial while trying to grow these metastable polymorphs as 
well as to look for desired properties as it has been observed that lattice strain plays an 
important role in the properties of VO2 system [38, 39]. Here we are listing some of the 
most common and suitable substrates, their lattice parameters and properties that were 
used in the present work. 
1.5. 1 Aluminum Oxide (Al2O3) 
 
Al2O3 (sapphire) has rhombohedral/hexagonal crystal structure with ionic bonds, which 
belongs to a space group 𝑅3�𝑐. The lattice parameter of the hexagonal unit cell consists 
of closed packed planes of oxygen with alternating array of hexagonal planes made of 
aluminium with one third of the sites vacant. The lattice constant of Al2O3 hexagonal 
unit cell are a = 4.7587 Å and c = 12.9939 Å. Sapphire is an insulator with a high band 
gap of 9 eV at room temperature. The thermal expansion coefficient of sapphire are 
6.2×10-6 K-1 and 7.07×10-6 K-1 along a and c-axis respectively [64]. Stability at high 
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temperature, transparent behavior, hexagonal symmetry, ease of handling and pre-
growth cleaning makes sapphire a very important substrate for film and device growth. 
The most common face terminations of Al2O3 used for fabrication of thin films are 
(0006) c-cut, (11�02 ) r-cut, (11�00 ) m-cut and (21�1�0) a-cut sapphire. The lattice 
structures of sapphire and important crystallographic planes of Al2O3 are shown in 
Figure 1.10 [65]. 
 
Figure 1.10 Lattice structure of sapphire and the sapphire planes used for film 
growths [65]. 
 
1.5. 2 Zinc Oxide (ZnO) 
 
Zinc oxide is widely used substrate for thin film growth as well as a buffer layer for the 
subsequent growth of oxide materials on sapphire or silicon substrate. ZnO has a 
hexagonal wurtzite type structure belonging to space group P63mc (Figure 1. 11). This 
structure is composed of two hexagonal close packed subslattices of Zn and O atoms 
with a lattice constants of a = 3.2498 Å and c = 5.2066 Å[66]. ZnO has a direct band 
gap 3.37 eV at room temperature, making it useful for blue and UV opto-electronic 
devices [67, 68].   
 




Figure 1.11 Lattice structure of ZnO and the ZnO planes used for film growths 
[66]. 
 
1.5. 3 Perovskite LaAlO3, SrTiO3, LSAT, LSAO substrates 
 
LaAlO3 (LAO) is also a class of perovskite-type crystal and it is a band insulator with a 
wide band gap of 5.6 eV. Single crystal of LAO can be grown in a pseudo-cubic form 
with a lattice constant of 3.791 Å. LAO exists in a rhombohedral phase at room 
temperature in bulk form and transforms into a cubic phase at temperatures above 875 
K [69, 70]. Further, LAO is a dielectric material with dielectric constant of about ~20 at 
room temperature and it has a low dielectric loss which is suitable for microwave 
applications. 
SrTiO3 (STO) is a band insulator with a band gap of around 3.2 eV, and it exhibits a 
cubic perovskite crystal structure (a = b = c) at room temperature with a lattice constant 
of a = 3.905 Å. Further, it undergoes various low symmetry structural phase transitions 
up on reducing the temperature. STO has a cubic to tetragonal phase transition at 
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around 110 K, a tetragonal to orthorhombic phase transition at around 60 K [71-73]. 
The STO single crystal has become a very attractive substrate material to grow oxide 
thin film due to lattice match with most of the oxides and high dielectric constant and 
diamagnetic nature. 
LSAT and LSAO single crystal substrate are two very important substrates as these are 
used extensively by thin film research community especially for Terahertz (0.2-2.5 THz) 
and Pump Probe measurements of thin films deposited on top of these substrate [74, 
75]. LSAO [LaSrAlO4] exhibits tetragonal structure with lattice parameter, ap = 3.756 
Å while LSAT [LaAlO3)0.3-(Sr2AlTaO6)0.7] exhibits cubic structure with lattice 
parameter, ap = 3.868 Å. 
Conventionally Al2O3 and ZnO substrates have been extensively used to grow VO2(M) 
phase. In this work our focus is to study the growth of thin films of two new 
polymorphs A an B phases. We find these phases to have very small (<2%) lattice 
mismatch with the perovskite substrates that make various studies of the over layer 
polymorphs feasible, such as, LSAT and LSAO substrates are best suitable for THz 
spectroscopic studies which cannot be performed using STO or LAO substrates. 
However, the growth and THz studies of B and M phases on LSAO substrates have 
been reported in Scientific Reports (2015) while further THz and pump-probe studies 
on all the polymorphs (A, B, & M) will be reported elsewhere; these studies will not be 
a part of this thesis. 
 







Sample Preparation and Various Characterization Technique 
 
 
In this chapter, details of the pulsed laser deposition technique and characterization 
methods which are used in the present work are presented. For structural 
characterization, X-ray diffraction and transmission electron microscopy (TEM) 
techniques are used. Transport, carrier density and mobility measurements are 
performed using physical properties measurement system (PPMS). Raman and Infrared 
spectroscopy, X-ray absorption Spectroscopy and X-ray Photoelectron Spectroscopy 
techniques have also been performed in the present work.   Further detailed information 
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2. 1 Sample preparation technique: Pulsed Laser Deposition  
 
With the pulsed laser deposition (PLD) method, thin films are prepared by the ablation 
of one or more targets illuminated by a focused pulsed-laser beam. Laser evaporation 
technique was first used to make thin films even in the 1960s [76], but PLD was not 
rapidly developed until Venkatesan and co-works successfully demonstrated in-situ 
preparation of YBa2Cu3O7 (YBCO) thin films by PLD technique during late 1987 and 
early 1988 [77, 78] demonstrating for the first time the preservation of the 
stoichiometry of a multi-component target and setting out the recipe to ensure 
composition preservation. Since then, PLD has been widely used to prepare epitaxial 
thin films of almost all oxide materials (Table 2.1). A typical set-up for PLD is 
schematically shown in Figure 2.1.  
 
Figure 2.1 Schematic diagram of a typical laser deposition set-up. 
 
In a regular vacuum or ultra-high vacuum (UHV) chamber, elementary or alloy targets 
are struck at an angle of 45° by a pulsed and focused laser beam. The atoms and ions 
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ablated from the target(s) are deposited on substrates. Mostly, the substrates are 
positioned with the surface parallel to the target surface at a target-to-substrate distance 










 Dijkkamp et al. (1987), [77] 
BiSrCaCuO Guarnieri et al. (1988), [79] 
TlBaCaCuO Foster et al. (1990), [80] 
MgB
2
 Shinde et al. (2001), [81] 
Oxides SiO
2





(B) A.Srivastava et al. (2014), 
Carbides SiC Balooch et al. (1990), [83] 
Nitrides TiN Biunno et al. (1989), [84] 
Diamond-like carbon C Martin et al.(1990), [85] 
Polymers Polyethylene, PMMA Hansen and Robitaille (1988), [86] 
Metallic systems 30 alloys/multilayers Krebs and Bremert (1993), [87] 
 FeNdB Geurtsen et al. (1996), [88] 
Ferroelectric materials Pb(Zr,Ti)O3 Kidoh et al. (1991), [89] 
 
Table 2.1 List of some materials deposited for the first time by PLD after 1987 and 
references. 
 
In this research the Vanadium oxide thin films are prepared by Pulsed Laser Deposition 
(PLD) technique. A pulsed laser is focused onto a target pellet of material to be 
deposited. The heater is placed 5~10 cm away from the target. The laser used in this 
work is a Lambda Physik excimer KrF UV laser, which generates laser pulse with 
wavelength of 248 nm, pulse duration of 30 ns, maximal output energy of 1 J, and 
maximal frequency of 30 Hz. The background vacuum level (i.e. base pressure ~ 10-7 
Torr) is achieved by series of oil free rotary pump and turbo molecular pump with 
highest speed 1000 Hz. The pressure during deposition can be controlled by filling the 
chamber with appropriate gas, like O2, N2, Ar, etc.  
2. 2 Different growth modes and surface kinetics for thin film  
 
The individual atomic processes responsible for adsorption and crystal growth on 
surfaces are illustrated in Figure 2.2. Real surfaces, however, may be far from perfect, 
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containing a distribution of ledges, kinks, dislocations and point defects, in addition to 
the perfect terraces. These imperfections can influence the binding of single atoms and 
small clusters to the substrate and via such binding changes can strongly influence 
adsorption, diffusion and nucleation behavior. With better understanding of real 
substrate surfaces and by controlling these re-arrangement processes illustrated 




Figure 2.2 Schematic illustration of individual atomic processes responsible for 
adsorption and crystal growth on surfaces. 
 
It is generally accepted that there are three possible modes of single crystal thin film 
growth on surfaces, which are presented schematically in Figure 2.3. In the layer 
growth mode, or Frank-van der Merwe mode (Figure 2.3 (a)) adatoms attach 
preferentially to surface sites resulting in atomically smooth, fully formed layers. This 
layer-by-layer growth is two dimensional, indicating that complete films form prior to 
growth of subsequent layers. In the island, or Volmer-Weber mode (Figure 2.3 (b)), 
small clusters are nucleated directly on the substrate surface and then grown into 
islands of the condensed phase. This happens when the atoms (or molecules) of the 
deposit are more strongly bound to each other than to the substrate. The third and the 
last mode in a combination of layer by layer plus island growth mode, or Stranski-
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Krastanov, growth mode (Figure 2.3 (c)) is an interesting intermediate case. After 
forming the first monolayer (ML), or a few ML, subsequent layer growth is 
unfavorable and islands are formed on top of this ‘intermediate’ layer. This growth 
mode is much more common in many metal-metal, metal-semiconductor, gas-metal and 
gas-layer compound systems [90]. 
 
Figure 2.3 Schematic representation of the three crystal growth modes (a) Layer 
or Frank-van der Merwe mode, (b) Island or Volmer-Weber, (c) Layer plus Island 
or Stranski-Krastanov.  
 
2. 3 Thin Film Epitaxy  
 
Epitaxial growth can be understood as a method of growing an oriented crystal layer on 
another crystal surface. The term epitaxy was first coined by Royer[91] which comes 
from the Greek word epi, meaning “above” and taxis meaning “in ordered manner”. In 
the thin film technology community epitaxy is defined as growth of a single crystalline 
film on a single-crystal substrate. However, epitaxy is difficult to maintain if the 
substrate and the film have different crystal symmetries in the growth plane. Thus the 
general definition of epitaxy relates to the growth of orientation relationship, which 
depends on the crystal symmetries and lattice parameters between the film and the 
substrate. Epitaxy has been subcategorized into two “Homoepitaxy” and 
“Heteroepitaxy”. Homoepitaxy is, when the film and substrate are composed of the 
same material, while if they have different composition, then it is referred to as 
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heteroepitaxy. In the heteroepitaxial growth, the films properties strongly gets affects 
by the crystallographic orientation, interface chemistry, and the thermal expansion 
coefficient of the film and substrate. An important example of homoepitaxy is the 
growth of epitaxial Si on Si substrates for bipolar and some MOS transistor 
applications using vapor-phase epitaxy (VPE), a variant of chemical vapor deposition 
[92]. On the other hand the growth of GaN on sapphire (Al2O3) substrate for 
optoelectronic applications [49] and silicon germanium (SiGe) on silicon substrate for 
next generation MOS transistor applications are few examples of heteroepitaxial 
growth [93].  
 
Figure 2.4 Schematic illustration of lattice-matched heteroepitaxy (a) before 
growth, (b) coherent biaxial strain growth, (c) vertical and (d) lateral coherent 
growth, (e) inclined or tilt growth and (f) Pivot or twist growth.  
 
The residual strains in the epitaxial films not only play an important role in the 
morphology, chemical and physical properties of the film, it can help to stabilize 
different metastable phase of the overlayer films. The conventional lattice matching 
epitaxy (LME) is defined as those films where the films can establish an epitaxial 
relationship with the substrate within the lattice mismatch of 7 % - 8 % between the 
film and substrate.  
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The lattice misfit (lmf) is defined as: 
𝒍𝒎𝒇 =  𝒂𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆 − 𝒂𝒃𝒖𝒍𝒌
𝒂𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆
 
where asubstrate and abulk stand for the lattice constant of the substrate as well as the 
material under study in bulk form. In the lmf model the films grow pseudo-
morphologically up to a critical thickness where the strain energy is large enough to 
trigger the formation of dislocation in the films. The nucleation of dislocations is 
energetically favored and depends upon the relaxation process. Hence in some low 
misfit systems the nucleation of dislocation is difficult to trigger. 
Thus, the coherence can extend to thicknesses. Above (Figure 2.4) is the illustration of 
different possibilities of thin films growth for example the films can grow under biaxial 
strain (Figure 2.4 (b)), or can grow either in vertical coherence or lateral coherence 
(Figure 2.4 (c) and (d)). Depending upon the lattice misfit films can also grow at some 
tilt and twisted form as shown in Figure 2.4 (e) and (f) [94, 95].    
2. 4 Structure characterization techniques 
 
2.4. 1 X-ray diffraction 
 
X-ray diffraction (XRD) is the most widely used nondestructive tool for the structural 
analysis of crystalline materials. From diffracted peaks it is possible to identify 
crystalline phases present in bulk materials or thin films and to measure various 
structural properties such as strain state, grain size, phase composition, preferred 
orientation, and defect structures. In the XRD process, an atomic structure of a crystal 
causes a beam of X-rays to diffract into many specific directions. For fixed wavelength 
of incident X-rays each diffracted angle corresponds to a specific crystallographic 
arrangement of atomic planes of the crystal the periodic arrangement of atoms 
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generally called as atomic planes. The condition to have the X-ray diffraction (XRD) is 
known as the Bragg criteria and is given by the equation 
2𝑑 sin𝜃 = 𝑛 𝜆       (𝑛 = 1,2,3 … … )  
where d is the interplanar spacing between crystallographic planes, λ the wavelength 
and θ the Bragg’s angle (Figure 2.5). 
   
Figure 2.5 Schematic graph of the working principle of X-ray diffraction. 
 
The X-ray spectrum is plotted as diffracted X-ray intensity versus 2θ. X- ray 
crystallography library can be used to analyse the obtained spectrum. The growth 
orientation of the film can be identified by matching the diffraction angle of particular 
peak position. Once the orientation of the growth is confirmed, from the above Bragg’s 
formula one can obtain d spacing of the atomic planes and there by the lattice constants 
of the thin film. The strain state of the thin film analysis can be done by comparing the 
thin film lattice constant to the bulk value. Further, the crystal quality of the film can be 
precisely analyzed by performing rocking curve of a particular peak.  
For a rocking curve (studying the degree of crystallinity of a film), both the source and 
detector (2θ) are fixed at the Bragg condition for a known lattice d value, while the 
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sample rotates (ω is changed around θ). The width of the resulting scan peak is an 
indicator of the degree of misorientation of the grains in the film. A narrower peak 
usually suggests a less misorientation of the grains and hence better crystalline quality.  
 
Figure 2.6 (a) Four-circle x-ray diffractometers with the conventional 2D area 
detector (Bruker AXS, Inc., D8 Discover) and (b) schematic diagram.(c) schematic 
diagram of symmetric and asymmetric reciprocal space mapping.    
 
A 2D detector image (called 2D map here) also shows a section of the reciprocal space 
but is obtained by scanning simultaneously along the ω–2θ direction and along the χ 
angle. The χ angle is the tilt angle of the sample along the xs axis (Figure 2.6 (b)).  
Much information regarding interplanar spacings and strain effect can be extracted 
from reciprocal space maps (RSMs). A RSM shows a 2D section of the reciprocal 
space (the intensity shown in RSMs is normally a projection of the 3D intensity of the 
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diffraction spot(s) onto a 2D plane). RSMs can be obtained by taking a series of ω–2θ 
scans at successive ω values (or vice versa) and presenting the results in the map form.  
In this work, we use two types of four-circle x-ray diffractometers to characterize the 
crystallographic structures of the epitaxial oxide thin films and the substrates. Figure 
2.6 show photographs of four-circle x-ray diffractometers with the conventional point 
detector (Bruker AXS, Inc., D8 Advance) and the 2D area detector (Bruker AXS, Inc., 
D8 Discover). Especially, the 2D area detector has a large imaging area of 11.5 cm 
diameter for x-ray detection. Therefore, normal scan does not need to move the detector, 
and the crystal quality and texturing of oxide thin films can be easily identified from 
normal scan. We also use synchrotron XRD to investigate our films. Synchrotron 
radiation, due to the high photon flux, drastically improves the structural 
characterization and level of detection of mixture of crystallographic components hence 
can be used to detect very small mixture of other phases in the films which was very 
essential for this research. 
2.4. 2 Rutherford Backscattering Spectrometry (RBS) and Ion Channeling 
 
Originally E. Rutherford used the backscattering of alpha particles from a gold film in 
1911 to determine the fine structure of the atom, resulting in the discovery of the 
atomic nucleus. RBS as a method for materials analysis was firstly described in 1957 
by Rubin et al. [96]. Modern applications of RBS can be found in the book by Tesmer 
and Nastasi [97]. Rutherford Backscattering Spectrometry (RBS) is a widely used 
nuclear scattering method for the near surface layer analysis of solids. RBS allows the 
quantitative determination of the composition of a material and depth profiling of 
individual elements. RBS is quantitative without the need for reference samples, 
nondestructive, has a good depth resolution of the order of several nm, and a very good 
sensitivity for heavy elements of the order of parts-per-million (ppm). During 
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experiment, ion sources of protons or α particles (4He2+) generated by an accelerator in 
the MeV-range (typically 0.5-4 MeV) are directed towards the sample located with the 
surface perpendicular to the ion beam. The typical scattering geometries are shown in 
Figure 2.7 (a) and (b). In the IBM geometry incident beam, exit beam and surface 
normal of the sample are in the same plane, with the following relation, 
α+β+θ = 180° 
while in Cornell geometry the incident beam, exit beam and the rotation axis of the 
sample are in the same plane, satisfying the following relation  
cos𝛽 =  − cos𝛼 × cos𝜃 
 
Figure 2.7 Schematic graphs of the (a) IBM geometry (b) Cornell geometry. 
Incident angle α, exit angle β and scattering angle θ. (c) RBS spectrum operated in 
random mode.  
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The Cornell geometry has the advantage of combining a large scattering angle, which is 
desirable for optimized mass resolution, grazing incident and exit angles, which 
optimizes depth resolution. The analyzed depth is typically about 2 μm for incident He-
ions and about 20 μm for incident protons.  
The energy E1 of a backscattered projectile with incident energy E0 and mass M1 after 
scattering is given in the laboratory system by 
E1= K×E0 
Where the kinematic factor K is given by, 
𝐾 = 𝑀12(𝑀1 + 𝑀2)2 �cos 𝜃 ± ��𝑀2𝑀1�2 − 𝑠𝑖𝑛2 𝜃�1/2�2 
where θ is the scattering angle and M2 is the mass of the target nucleus.  
 
Figure 2.8 Schematic graphs of RBS operated in ion channeling mode for a (a) 
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If there are two kind’s elements with mass difference ΔM2 are present in a sample, the 
energy separation ΔE1 of backscattered particles can be obtained from the following 
formula: 
∆𝐸1 = 𝐸0 𝑑𝐾𝑑𝑀2 ∆𝑀2 
where K equals the polynomial anterior of E0. As shown in Figure 2.8 (b), α-particles 
are backscattered by two different elements with mass M2 and 𝑀2∗.
 The backscattered α 
particles have different energies, width and peak intensities. From the highest energy 
(peak position), elemental property of the sample can be obtained, while the width tell 
us the depth distribution of the element in the sample and the peak intensities indicate 
the elemental concentrations. 
In this study for the precise oxygen composition of the VO2 films prepared by PLD, we 
performed oxygen resonance RBS measurements using 3.045 MeV alpha ions and used 
a 15 keV FWHM resolution surface barrier detector in IBM geometry. The analysis of 
the RBS spectra is done using SIMNRA simulation software by using non-Rutherford 
cross sections for Oxygen atoms and fitting the entire spectra including oxygen 
resonance peak, from where we directly obtained the oxygen composition precisely.    
2.4. 3 Transmission Electron Microscopy (TEM)  
 
In TEM one uses electron source rather than light source used in normal optical 
microscope to image the material of interest. TEM not only provides reciprocal space 
imaging but utilizing an electron beam as “light source” provides an improved spatial 
resolution. The spatial resolution depends upon the De Broglie wavelength of electrons 
which depends on the electrons acceleration voltage (e.g., λ=0.0251 Å for 200 keV ). 
Thus we can study the details of microstructure of cells or materials down to atomic 
levels.  
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In TEM an electron source is used to generate electrons which are accelerated by 
applying an accelerating voltage. As this electron beam passes through a transparent 
ultra thin films or specimen, the electrons interacts with the atomic lattice in the 
specimen. This process is strongly dependent on the characteristics of the atoms and 
their microstructure arrangement (crystal planes) in the specimen. The diffracted 
electron beam is then magnified by a set of electromagnetic lenses and the image is 
projected onto a fluorescent screen or a CCD camera. The image contrast is strongly 
dependent on the sample’s crystal-structure, orientation, stress, and chemical 
compositions, so TEM is a powerful technique for obtaining micro-structural and 
chemical information. TEMs can be operated in two modes (as shown in Figure 2.9) (1) 
Imaging mode and (2) Diffraction mode. In the imaging mode, TEM characterization is 
used to investigate atomic scale information about the interfaces, misfit dislocation, 
crystalline defects, grain boundaries and other micro-structural features in the deposited 
films. In diffraction mode, it provides the information about in-plane crystallographic 
orientation of textured thin films and out-of-plane growth orientation. The areas to be 
probed are chosen using the selected area diffraction (SAD) aperture. 
The incident electron beam will change its amplitude and phase as it travels through the 
sample specimen. Both changes give rise to image contrast. However, only one type of 
contrast dominates. The amplitude contrast is used to form the bright field (BF) image 
and dark field (DF) images. The BF images are formed by selecting the direct beam. 
On the other hand, the DF images are formed by selecting only one of diffracted beams.  
Scanning transmission electron microscopes (STEMs) use a very small diameter 
electron beam to scan samples. STEM images of different modes are formed by 
collecting electrons with detectors at different positions as explained above. In contrast, 
high-angle annular dark field scanning transmission electron microscopic (HAADF) 
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images are formed by collecting electrons using a detector with a large inner radius, 
and these HAADF images show little or no diffraction effects, with the peak intensity 
approximately proportional to the atomic number [98]. These properties make it a 
robust imaging mode for the identification of heavy elements, but light elements are 
usually uncharacterized due to their relatively weak signals [99]. 
 
Figure 2.9 Two basic operation of TEM image system (a) Image mode (b) 
Diffraction mode. 
 
In the imaging of oxygen atoms, the negative spherical aberration technique, developed 
by Urban et al, not only allows atomic resolution imaging of oxygen, but also gives the 
oxygen vacancy concentration in the oxide twin boundaries [100, 101]. In recent years, 
the annular bright field (ABF) imaging technique has been successfully used to image 
light atoms such as nitrogen, boron [102], and lithium [103, 104]; even the imaging of 
the lightest element hydrogen has been achieved recently [105]. In order to study the 
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arrangements of V and surrounding oxygen atoms in different phases of VO2 we have 
used an aberration-corrected STEM (JEM-ARM200F) facility of the electron optics 
division at, JEOL Ltd. Japan. The STEM (JEM-ARM200F) is equipped with a field-
emission gun whose energy spread ΔE is about 0.3 eV and was operated at an 
acceleration voltage of 200 kV.  
2. 5 Optical band gap- Ultraviolet-visible Spectroscopy  
 
 
Figure 2.10 Schematic graphs of (a) working principle of UV-vis spectroscopy, (b) 
simple geometry of double beam UV-Vis spectroscopy system.  
 
Ultraviolet-Visible spectroscopy is a strong tool to investigate transmittance (T), 
reflectance R and absorbance (A) to estimate the optical band gap of any material 
system. In UV-Vis experiment as an incident light beam reaches a medium, the 
reflection, transmission, and absorption of the light will occur simultaneously. The 
transition of the electrons from lower energy levels to the higher energy levels is due to 
photon absorption at the specific frequency or wavelength of incident beam (Figure 
2.10 (a)). A transmission spectrum will have its maximum intensities at wavelengths 
where the absorption is weakest because more light is transmitted through the sample 
[106]. Absorption and transmission spectra represent equivalent information; one can 
be calculated from the other through a mathematical transformation. The value of T, R 
and A satisfies the following equation: 
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𝐴 = − ln( T1 − R) 
In a uniform material, A is proportional to the sample thickness d as A ∝ 𝛼 × 𝑑, where 
α is the absorption coefficient. In the experiment, monochromatic light intensities (I0) 
passing through the reference sample and passing through the sample (I) are taken 
simultaneously which gives T as (I/I0) (shown in Figure 2.10 (b)). The transmission 
spectra were measured using a U-3031 UV-Vis dual-beam spectrometer (shown in 
Figure 2.10) in this present work. The absorption coefficient α was estimated from 
Beer-Lambert’s Law, i.e.,𝛼𝑑 = −log10 T(λ)[107], where T(λ) is the transmittance at 
wavelength λ. Optical band gaps (denoted Eg) were determined from Tauc 
equation(𝛼ħ𝜔)𝑚 = 𝐴(ħ𝜔 − 𝐸𝑔), where A is a constant [108-110]. The exponent m 
depends on the nature of the optical transition and is 1/2, 1/3, 2, and 2/3 for indirect-
allowed, indirect-forbidden, direct allowed and direct-forbidden optical transitions, 
respectively. 
2. 6 Transport properties study technique: Physical Property Measurement 
System 
  
Physical Property Measurement System (PPMS, Quantum Design Inc) is used to do a 
variety of electrical and magnetic transport characterizations. The internal cross section 
of PPMS (Figure 2.11) contains mainly N2 reservoir for purging, He reservoir for 
cooling and a superconducting magnet which is capable of generating magnetic field as 
large as 9 Tesla. The PPMS system is capable of applying magnetic fields up to ± 9T, 
and a 1.9 – 400 K temperature range together with a typical temperature accuracy of 
±0.5%. Temperature can be varied with full sweep capability and ramping rates from 
0.02 K/min up to 7 K/min. Temperature stability is ≤ 0.2% for temperatures ≤ 10 K and 
0.02% for temperature > 10K. These transport measurements can also be performed 
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with various magnetic and current orientations to the sample by using sample rotator 
options. In this work using the PPMS we mainly performed resistivity and Hall 
measurement versus temperature, from which the carrier density and the mobility and 
their variation with temperature was obtained. The samples are square shaped with the 
dimensions of 5 mm x 5 mm. To do the transport measurements the electrical contacts 
were made using Al wire, bonded ultrasonically on to the sample (performed by West 




Figure 2.11 Internal sections of PPMS [111]. 
 
The conducting behavior of samples is investigated by measuring resistance versus 
temperature (R(T)). The R (T) measurements were performed in different ways namely 
a four point linear geometry or a Van der Pauw geometry [112, 113] or as shown in 
Figure 2. 12. A four-point linear probe configuration is shown in Figure 2.12 (a). In this 
configuration a current is passed through the two outer probes I+ and I− , voltage drop is 
measured between V+ and V− . Using the following equations; 
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𝑅𝑆 =  𝑉±𝐼± × 𝜋ln 2 = 4.532 × 𝑉±𝐼±  
We can eliminate the two contact resistance (Rc) and two spreading resistance (Rsp). 
With the known thickness of the films (t) the resistivity (ρ) can be calculated by using 
the equation below. 
ρ =  𝑉±
𝐼± × 𝜋𝑡ln 2 = 𝑅𝑆 × 𝑡 
 
 
Figure 2.12 Electrical transport measurement (a) linear four point geometry. (b), 
(c) Van der Pauw geometry. 
 
2. 7 Raman Spectroscopy 
 
Raman scattering is an inelastic scattering of photons. When a bunch of photons is 
scattered from an atom or a molecule, most of it gets elastically scattered, referred as 
Rayleigh scattering (Figure 2.13), where the scattered photons have same energy 
(frequency) and momentum (wavelength) as the incident photons. Nonetheless, a very 
small fractional part of the scattered photons have a different frequency from that of the 
incident photons, known as inelastically scattered photons which are either Brillouin or 
Raman scattered. While Brillouin scattering is an inelastic scattering of photons by 
acoustic excitations of a material, Raman scattering is that by optical excitations of the 
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material. In short, Raman scattering is a process where an incident light gets 
inelastically scattered by the quasiparticles of the material under study. Thus either 
losing or gaining some energy to / from the material giving rise to Stokes (energy lost) 
and anti-Stokes (energy gained) Raman processes, as shown in Figure 2. 13. The 
excitations or quasiparticles of the materials can be vibrational modes in a molecule, 
phonons in a crystal, plasmons, electronic excitations, magnons, etc.  
Raman spectroscopy is a highly versatile and nondestructive characterization tool that 
has been extensively used in the fields of physics, chemistry, materials science and 
engineering. It was first theoretically predicted by A. Smeckal whereas the first 
experimental confirmation was by Sir C. V. Raman and K. S. Krishnan (that led to the 
Nobel Prize in 1930), and independently by G. Landsberg and L. Mandelstam, in 1928. 
In this work, Raman spectra are recorded at room temperature in the back scattering 
mode using WiTec Raman spectrometer coupled with a Peltier cooled charged coupled 
device. The frequency doubled 532 nm laser line of an Nd:YAG  was used as the 
excitation source.  
 
Figure 2.13 Schematic of a few radiative processes.  
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Figure 2.13 also depict the infrared absorption and fluorescence processes. In the 
absorption process, a photon of energy in resonance with the energy of vibration 
(usually in the infrared region) is absorbed. However, in the process of fluorescence the 
energy contained in the incident photons is transferred to electrons that get excited. 
Electrons in the excited state are unstable and rapidly lose this excess energy in two 
stages - first through a non-radiative relaxation thus releasing a small amount of energy 
in the form of heat (vibration) followed by an emission of a photon of energy lesser 
than the absorbed photon. In addition, the infrared spectra are recorded using Bruker 
IFS 66/vs spectrometer in transmission mode.  
There exists in the literature several nomenclatures for the description of Raman active 
vibration modes based on the crystal symmetry. The vibrational modes are often 
described by symmetry notations that refer to irreducible representations; these 
notations consist of capital letters with subscript letters and numbers (for example, A1g 
mode or Eu mode). Here, the capital letter gives information on the degeneracy of the 
mode(s) and symmetry. A and B modes denote singly degenerate vibrations (expressed 
as either not degenerate or single degenerate), with A modes being symmetric and B 
modes antisymmetric with respect to the main symmetry axis. E modes are doubly and 
F modes (the latter only occurring in lattices with high symmetry) are triply degenerate. 
The subscripts g and u are used to describe modes that are respectively symmetric 
(g=gerade) and antisymmetric (u=ungerade) with respect to the symmetry centre. The 
g-type vibrations are in general Raman-active whereas u-type vibrations are IR-active. 
Raman scattering spectroscopy has been widely used to study the lattice vibrations of 
VO2 in the insulating and the metallic phases. Group theory predicts that in the low-
temperature monoclinic insulating phase, nine Ag and nine Bg modes are Raman active 
and that in the high-temperature tetragonal metallic phase, four modes, i.e. A1g, B1g, B2g, 
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and Eg, are Raman allowed. These numbers can change depending upon the crystal 
structure, space group and symmetry of the crystal. In the subsequent chapters, the 
primary focus is on the new A and B single phases of films as opposed to the 
extensively studied M phase. We are restricting references to the M phase to show a 
relative comparison with the new phases both in terms of Raman, transport and phase 
diagram. In this work Raman scattering spectra were obtained in the backscattering 
configuration with a Jobin Yvon LabRAM Raman microprobe spectrometer. A 514 nm 
laser was used as the excitation source. The scattered signal was detected using a 
















In this chapter, we discuss the growth of Vanadium oxide (VO2) that has been studied 
in the subsequent chapters of this thesis. PLD technique has been used for the growth 
of these films. Based on oxygen partial pressure [P (O2)] and the laser frequency 
dependence, a phase diagram has been developed for different polymorphs of VO2. X-
ray diffraction (XRD) studies have been performed to examine the phase, orientation 
and crystallinity of the films. Local morphology, crystal structures, orientations and 
chemical compositions of phases have been identify using Transmission electron 
microscopy (TEM) while Raman Spectroscopy and MIR-FIR spectroscopy have been 
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3. 1 Pulse Laser Deposition of VO2 Polymorphs 
 
Thin films of VO2 were prepared using PLD technique. A commercial Vanadium single 
crystal 100 orientated metal target with 5N purity (from Goodfellow) was used for all 
the vanadium oxide film growth. The target was laser ablated using a pulsed KrF 
excimer laser having a wavelength of λ = 248 nm and pulse width of approximately 12 
ns. The laser spot size was 4 mm2 on the target. The laser energy density was fixed at 
~2 J\cm2 during the optimization of film growth parameters. The chamber was pumped 
down to get a base pressure of ~10-6 Torr. To study the effect of oxygen partial pressure 
on the film stoichiometry and phase formation, P (O2) was varied from 10-4 to 10-2 Torr 
while the substrate temperature was kept at 500 °C throughout the deposition (in order 
to stabilize the 4+ oxidation state of vanadium). After the deposition the heater was 
turned off to allow the film to cool down. PLD for thin film growth has advantages for 
a number of reasons. The flexibility in wavelength and power density allows to ablate 
almost any material or materials combination. The use of a pulsed laser beam enables a 
precise control over the growth rate. Laser pulse frequency affects the growth rate. We 
study the effect of laser pulse frequency whether we can stabilize the metastable phase 
of vanadium dioxide like VO2(A) and the VO2(B) phases which were never realized in 
the thin film form by controlling the growth rate (supply of vanadium atom per second). 
Choice of substrate was very crucial while trying to grow these metastable polymorphs. 
Considering the lattice parameters of these VO2 phases as described in Chapter 1 we 
selected few better lattice matched substrate like LaSrAlO4 (001) [LSAO, ap=3.756 Å], 
LaAlO3 (001) [LAO, ap= 3.793 Å], (LaAlO3)0.3-(Sr2AlTaO6)0.7 (001) [LSAT, ap = 
3.868 Å], SrTiO3 (100) [STO, ap = 3.905 Å]. These substrates have better lattice 
matching with VO2(A) and VO2(B) polymorphs compare to VO2(M). Figure 3.1 (a)-(b) 
depicts the possible epitaxial relations of VO2(A) and VO2(B) bulk unit cell on (100) 
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STO substrate, respectively. At room temperature, VO2(A) bulk adopts a tetragonal 
unit cell (u.c.) [aA = 8.44 Å, bA = 8.44 Å, and cA = 7.666 Å] with a space group P4/ncc 
(#130). VO2(A) can sit on the STO unit cell with the following relations [114]:  
√2𝑎𝑉𝑂2(𝐴)�= 11.934 Å� ≅ 3𝑎𝑆𝑇𝑂�= 11.715 Å�, 𝑐𝑉𝑂2(𝐴)(= 7.666 Å) ≅ 2𝑎𝑆𝑇𝑂(= 7.810 Å).  
VO2(B) bulk, on the other hand, has a monoclinic unit cell [aA= 12.093 Å, bA = 3.702 Å, 
and cA = 6.433 Å, β = 106.97°] with a space group C2/m (#12).  VO2(B) can sit on the 
STO  unit cell with  the following relations [114] :  
𝑎𝑉𝑂2(𝐵)�= 12.093 Å� ≅ 3𝑎𝑆𝑇𝑂�= 11.715 Å�, 𝑐𝑉𝑂2(𝐵)�= 3.702 Å� ≅  𝑎𝑆𝑇𝑂(= 3.905 Å).   
 
Figure 3.1 Schematic crystal structure representation of, (a) (220) orientated 
VO2(A), (b) (002) orientated VO2(B) grown on (100) orientated STO substrate. 
 
3. 2 Structural Characterization of different Polymorphs of VO2 
 
3.2 1 X–Ray Characterization  
 
The crystal structure of VO2 polymorphs were determined using XRD studies. A 
Bruker D8 Discover system with a two dimensional (2D) detector was used to obtain 
the spectra. Details of the technique are discussed in Chapter 2. All these films were 
grown on SrTiO3 (100) substrate. During all the deposition the temperature of the 
substrate was fixed at 500 °C. First we varied the pressure from 1×10-4 Torr-5×10-3 
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Torr. The laser frequency was fixed at 5 Hz. The 2D XRD patterns are recorded for all 
samples of the series (Figure 3.2).  
 
Figure 3.2 X-Ray reciprocal space map using 2D detector for thin films. X-Ray 
reciprocal space map of the, (a) VO2(M), (b) VO2(A) and (c) VO2(B) film using 2D 
detector and below is their respective integrated θ-2θ pattern along the Chi 
direction. Left side of the figure is Integrated Chi (χ) pattern around the VO2(M) 
(011), VO2(A) (220), VO2(B) (002) reflection. 
 
It clearly appears that the VO2(M) phase reflections are not aligned in χ with the 
substrate, while for VO2(A) and VO2(B) reflections are perfectly aligned with the 
substrate (χ = 0). By focusing on the (011) reflection (Figure 3.2 (a)), the orientation of 
the (011) VO2(M) direction is different from the (100) SrTiO3 orientation by an angle 
of around ~7° in χ as shown in integrated Chi (χ) pattern while the appearance of the 
peak (220) of VO2(A) and (002) of VO2(B) at χ = - 90° confirms that the (220) planes 
of VO2(A) and (002) planes of VO2(B) are parallel to the (100) planes of SrTiO3 single 
crystal substrate. The observation of the two reflections along the χ angle can be 
produced either by the presence of two different crystallographic domains in the film or 
two equivalent reflections. 
The 1D XRD patterns shown in Figure 3.3 are extracted from the 2D XRD pattern by 
integrating the intensity along the χ direction. We found that the pure VO2(M) phase 
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can be formed below 7.5×10-4 Torr P (O2). The peak at 2θ=27.89° can be assigned to 
(011) plane of the VO2(M) phase [JCPSD File 01-076-0456]. At the P (O2) 7.5×10-4 
Torr and above we start observing two peaks in the XRD (Figure 3.3) which indicates 
the presence of two phase VO2(M) and VO2(A). The second peak which appears at 
2θ=29.72° can be assigned to (220) plane of VO2(A) phase [JCPSD File 00-042-0876]. 
The single phase of VO2(A) grows at optimal oxygen partial pressure P (O2) of 5×10-3 
Torr, 5 Hz laser frequency. Intriguingly, at pressure 5×10-3 Torr if we reduce the laser 
frequency to 2 Hz, we observe a peak in XRD at 29.05° which can be assigned to (002) 
planes of VO2(B) phase[JCPSD File 03-065-7960]. 
 
Figure 3.3 XRD θ - 2 θ spectra showing different phases for VO2 thin films grown 
at constant temperature 500° C and varying oxygen partial pressure from 1×10-4 
Torr - 5×10-3 Torr at 5hz and 2hz laser frequency. 
 
3. 3 Phase Diagram for the different phases of VO2 
 
From the detailed study, a phase diagram was developed (Figure 3. 4) for the different 
phase formation of VO2 as a function of oxygen partial pressure and laser frequency. 
We used KrF laser λ=248 nm laser with pulsed width= 12 ns and E = 2 J-cm-2 during 
the films growth. The temperature of the substrate was kept at 500 °C during the 
growth and the substrate to target distance (dST) was kept at 10 cm during the growth of 
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these polymorphic phases. The phase diagram (Figure 3.4) is specifically developed for 
SrTiO3 as a substrate for a fixed energy density, temperature and substrate to target 
distance.   
It is interesting to see that at low partial pressure the pure M phase can be stabilized 
even at as high as 10 Hz laser frequency. To check the stability of other two metastable 
polymorphs A and B, we deposited several samples in the pressure range from 5 
mTorr-10 mTorr oxygen partial pressure and at different laser frequencies. Pure A 
phase is stable between 5×10-3 Torr -1×10-2 Torr oxygen partial pressure and 5 Hz to10 
Hz frequency while Pure B phase is stable below 2 Hz in the pressure range from 5×10-
3 Torr to 1×10-2 Torr. If we look at the various phases of VO2, they all have different V-
V inter-atomic distances.  
 
Figure 3.4 Phase diagram for different polymorphs of VO2 thin film grown on 
SrTiO3 substrate by PLD technique (oxygen partial pressure versus laser 
frequency). 
 
At lower oxygen growth pressures the atomic interactions are likely to favor shorter V-
V distances. At low oxygen pressures VO2(R) phase is preferred which results in the M 
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phase at room temperature due to the MIT. When the oxygen pressure is increased, the 
A phase with a longer average V-V distances is favored.  Further, by decreasing the V 
arrival rate (i.e., lowering the laser frequency), the B phase with the longest V-V 
distance is stabilized. Moreover, the symmetry of the phases could also be an important 
factor for their stabilization. The relatively more symmetric structure of VO2(A) over 
VO2(B) suggests VO2(A) to be more stable over a wide range of laser frequency. Our 
explanation is rather qualitative. The actual process can be much more complicated 
which might involve type of connectivity of the anion sublattice, e.g. number of corner, 
edge, or face sharing oxygen octahedra. Also, the high degree of structural 
imperfections suggests that defect formation at the interface might play a critical role as 
well. 
3. 4 Microscopic Studies 
 
According to the Goodenough theory, the electronic and chemical properties of 
vanadium dioxide and its polymorphs depends on the V-V distance, equatorial and 
apical V-O distances [6, 58, 115]. The properties of VO2 can also be modified by 
oxygen vacancies [116, 117] as well as strain [115, 118, 119] introduced by the 
substrate to the film. To establish the crystallographic arrangement of the unit cell 
planes, vanadium atom arrangements, and the location of oxygen rows in these 
polymorph with respect to the SrTiO3 substrate we recorded the high-angle annular 
dark field scanning transmission electron microscopic (HAADF) and annular bright 
field images (ABF) simultaneously. Cross-sectional TEM specimens are prepared by 
making a sandwich structure followed by slicing discs, dimpling and ion beam thinning. 
Samples are also prepared for cross sectional STEM using Focused ion beam, also 
known as FIB[120]. STEM images are simultaneously recorded in both HAADF and 
BF modes with a JEOL JEM-ARM200F electron microscope operating at 200 kV. 
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Based on the known VO2(A) and VO2(B) structure we simulate the features of the 
structures imaged in the STEM micrograph using ball and stick model, in particular to 
reproduce the domains viewed along the [001], [1�10]  and [010], [100]  projection, 
likely to be present in the real structures for VO2(A) (220) and VO2(B) (002) phases 
respectively.  





Figure 3.5 Processed cross sectional atomic resolution (a) HAADF-STEM image, 
(b) An enlargement of the rectangle area in (a), (c) Annular Bright Field (ABF) 
images (d) An enlargement of the rectangle area in (c) of tetragonal VO2(A) (220) 
thin film parallel to SrTiO3 substrate [001] zone. Green circle represents V and 
dark brown circle represent Oxygen. 
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Figure 3.5 (a) and (b) are simultaneously recorded HAADF and BF images of 
tetragonal VO2(A)  (220)  specimen. In the HAADF images of tetragonal VO2(A) (220) [Figure 3.5 (a) as well as in Figure 3.5 (b) which is an enlargement of the 
rectangle area in Figure 3.5 (a)] the brighter spots are from V rows, the position of the 
oxygen rows between the V rows are not resolved. In the bright field (BF) image of 
tetragonal VO2(A) (220)  [Figure 3.5 (c) as well as in Figure 3.5 (d) which is an 
enlargement of the rectangle area in Figure 3.5 (c)] the larger black spots are from the 
V rows and the smaller gray spot features are from O rows which are highlighted by 
green circle and dark brown circle in Figure 3.5 (b) and (d) respectively. Figure 3.6 (a) 
and (b) represents the crystal ball and stick model of tetragonal VO2(A) (220) 
orientated thin film viewed along the [001] and [1�10] direction respectively. If we see 
the tetragonal VO2(A) (220) orientated films along two different direction [001] and 
[1�10] we observe two different types of V and O atom arrangements. If seen along the 
[001] we found the V atoms are arranged in a square form separated by O planes 
despite the fact the all these V atoms are not in the same plane and if seen along the [1�10] we observe a pair of V atom chains separated by O plane. Each domain can be 
realized by rotating the other by 90°.  
In the processed atomic resolution HAADF-STEM images (Figure 3.6 (c)) of 
tetragonal VO2(A) (220) we observe two different kinds of V atom arrangements. The 
brighter spots represent V atoms while the position of the oxygen rows between the V 
rows is not resolved. In the rectangular area (Figure 3.6 (c)) where V atoms are 
arranged in the square form, resembles the tetragonal VO2(A) (220) films when viewed 
along [001 ] direction. We assigned them as (001) domains. The rectangular area 
assigned as -110 domains (Figure 3.6 (c)) where V atoms are arranged in the pair of 
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two chains separated by O planes resembles the tetragonal VO2(A) (220) films when 
viewed along [1�10] direction.  
 
 
Figure 3.6 (a), (b) Ball and stick models of Tetragonal VO2(A) (220) structure 
viewed from the [𝟎𝟎𝟏]  and [𝟏�𝟏𝟎]  direction. (c) Processed atomic resolution 
HAADF-STEM images of tetragonal VO2(A) (220).  
 
Chapter 3                           Recipe for PLD Growth of VO2(A) and VO2(B) Polymorph 
54 
 
The position of the oxygen rows between the pair of V rows is not resolved in HAADF 
images but this Oxygen can clearly be seen in the ABF images in Figure 3.5 (d). From 
these TEM images we confirm not only the (220) orientation growth of tetragonal 
VO2(A) films on SrTiO3 (100) substrate but also that these films contain two different 
kinds of domains of the size of ~20 nm. These domains are present in the alternating 
arrangement all along the interface of the film and substrate. These domains preserve 
their growth orientation all along the thicknesses. While going from one domain to the 
other we do not observe any grain boundary or dislocations which confirm the coherent 
behavior of these domains.  
To further investigate the out of plane lattice parameter and tetragonal crystal symmetry 
of the VO2 (A) we choose two domain areas from the TEM image as shown in Figure 
3.7 (a) and (b). The calculated 𝑑110 spacing from the two domains [(001), (-110)] is 
6.05 Å which is larger than the bulk value 𝑑110  (=5.9689 Å). Fast Fourier 
transformation (FFT) of the images shown in Figure 3.7 (a) and (b) are done to get the 
electron diffraction pattern (Figure 3.7 (c), (d)). The theoretical simulated electron 
diffraction pattern are generated as shown in (Figure 3.7 (e), (f)) viewed along the [001] 
and [11�0] to compare it from the experimental data. The simulated and calculated 
patterns are similar which confirms the bulk like tetragonal crystal structure of the 
VO2(A) films. From these HAADF-STEM image analyses, we can conclude that the 
VO2(A) thin film present a structure expected from bulk studies. The thin film 
microstructure studies underline the presence of 90°-oriented crystallographic domains 
in both samples. 
The epitaxial relationship for VO2(A) can be written as (110)VO2(A)||(001)STO and 
[001]VO2(A)||[100]STO or [1�10]VO2(A)||[100]STO. As part of this TEM analysis, we 
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evaluate the interplanar distances in the thin film.  For VO2(A), 𝑑110 = 6.05(1) Å and 
𝑑001 = 7.75(1) Å are both expanded by ~1.3 % compare to the bulk values (𝑑110= 
5.968 Å and 𝑑001  = 7.666(1) Å). However, we observed that VO2(A) preserves a 
tetragonal structure in thin film, thus these results suggest that the entire unit cell 
volume of VO2(A) has increased. 
 
Figure 3.7 An enlargement of the (a) rectangle 001 domain area, (b) rectangle  -
110 domain area in Figure 3. 6 (c) of tetragonal VO2(A) (220) thin film. (c), (d) are 
the FFT pattern of [𝟎𝟎𝟏] and [𝟏�𝟏𝟎] domains. (e), (f) Simulated diffraction pattern 
structures viewed along [𝟎𝟎𝟏] and [𝟏�𝟏𝟎] direction respectively.   
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Figure 3.8 Processed cross sectional atomic resolution (a) HAADF-STEM image, 
(b) An enlargement of the rectangle area in (a), (c) Annular Bright Field (ABF) 
images (d) An enlargement of the rectangle area in (c) of monoclinic VO2(B) (002) 
thin film parallel to SrTiO3 substrate [001] zone. Green circle represents V and 
dark brown circle represent Oxygen. 
 
Figure 3.8 (a) and (b) are simultaneously recorded HAADF and BF images of 
monoclinic VO2(B)  (002) specimen. In the HAADF images of monoclinic VO2(B) (002) [Figure 3.8 (a) as well as in Figure 3.8 (b) which is an enlargement of the 
rectangle area in Figure 3.8 (a)] the brighter spots are from V rows, the position of the 
oxygen rows between the V rows are not resolved. In the bright field (BF) image of 
monoclinic VO2(B) (002) [Figure 3.8 (c) as well as in Figure 3.8 (d) which is an 
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enlargement of the rectangle area in Figure 3.8 (c)] the larger black spots are from the 
V rows and the smaller gray spot features are from O rows which are highlighted by 
green circle and dark brown circle in Figure 3.8 (b) and (d) respectively.  
Figure 3.9 (a) and (b) represents the crystal ball and stick model of monoclinic VO2(B) 
(002) orientated thin film project along the [010] and [100] direction respectively. If 
we see the monoclinic VO2(B) (002) orientated films along two different direction 
[010] and [100] we observe two different types of V and O atom arrangements. If seen 
along the [010 ] we find that the V atoms are arranged in a parallelogram form 
separated by O planes despite the fact the all these V atoms are not in the same plane 
and if seen along the [100] we observe a pair of V atom chains separated by O plane. 
These two domains can be realized by rotating the other by 90°.In the processed atomic 
resolution HAADF-STEM images (Figure 3.9 (c)) we observe two different kinds of V 
atom arrangements. The brighter spots represent V atoms while the position of the 
oxygen rows between the V rows is not resolved. The rectangular area (Figure 3.9 (c)) 
where V atoms are arranged in the parallelogram form, resembles the monoclinic 
VO2(B) (002) films when viewed along [010] direction. We assigned them as (010) 
domain  
The rectangular area assigned as 100 domain (Figure 3.9 (c)) where V atoms are 
arranged in the pairs of two chain separated by O planes resembles the monoclinic 
VO2(B) (002) films when viewed along [100] direction. The position of the oxygen 
rows between the pair of V rows is not resolved in HAADF images but this Oxygen 
can clearly be seen in the ABF images in Figure 3.8 (d). From these TEM images we 
confirm not only the (002) orientation growth of monoclinic VO2(B) films on SrTiO3 
(100) substrate but also that these films contains two different kinds of domains of the 
size of ~20 nm. These domains are present in the alternating arrangement all along the 
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interface of the film and substrate. These domains preserve their growth orientation all 
along the thicknesses. While going from one domain to the other we don’t observe any 
grain boundary or dislocations which confirm the coherent behavior of these domains.  
.  
Figure 3.9 (a), (b) Ball and stick models of monoclinic VO2(B) (002) structure 
viewed from the [𝟎𝟏𝟎 ] and [𝟏𝟎𝟎]  direction. (c) Processed atomic resolution 
HAADF-STEM images of monoclinic VO2(B) (002).  
 




Figure 3. 10 An enlargement of the (a) rectangle 010 domain area, (b) rectangle  
100 domain area in Figure 3.9 (c) of monoclinic VO2(B) (002) thin film. (c), (d) are 
the FFT pattern of [𝟎𝟏𝟎] and [𝟏𝟎𝟎] domains. (e), (f) Simulated diffraction pattern 
structures viewed along [𝟎𝟏𝟎] and [𝟏𝟎𝟎] direction respectively.    
 
To further investigate the out of plane lattice parameter and monoclinic crystal 
symmetry of the VO2(B) we choose two domain areas from the TEM image as shown 
in Figure 3.10 (a) and (b). The calculated 𝑑002 spacing from the two domains [(010), 
(100)] is 6.14 Å which is close to the bulk value 𝑑002 (=6.153 Å=c×Sin(β)). The lattice 
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parameter of VO2(B) calculated by TEM (Figure 3.9 (c)) suggest that VO2(B) thin 
films grown on SrTiO3 (100) are (002) orientated and fully relaxed. To further confirm 
the monoclinic symmetry we performed the Fast Fourier transformation (FFT) of the 
images shown in Figure 3.9 (c) to get the electron diffraction patterns (Figure 3.10 (c), 
(d)). The calculated β angle (~107.3°) from Figure 3.10 (a) is very close to the bulk 
reported value 106.97° [121]. The theoretical simulated electron diffraction pattern 
generated are shown in (Figure 3.10 (e), (f)) viewed along the [010] and [100] to 
compare it with the experimental data. The simulated and calculated patterns are 
similar which confirms the bulk like monoclinic crystal structure of the VO2(B) films.  
The epitaxial relationship for VO2(B) can be written as [001]VO2(B)||[001]STO and 
[100)VO2(B)||[100)STO or [010)VO2(B)||[100)STO, respectively. We evaluate the 
interplanar distances in VO2(B) thin films. For VO2(B), the out-of-plane 𝑑001 = 6.14(1) 
Å is close to the bulk value (6.153 Å) while the in-plane 𝑑100 = 11.85(1) Å and 𝑑010 = 
3.83(1) Å are compressed and elongated, respectively, compared to the bulk values 
(𝑑100 = 12.093(1) Å and 𝑑010 = 3.7021(2) Å).  
It is important to note that for the case of both A and B phases, two different domains 
(rotated by 90°) have been found to grow on STO substrate. As suggested by the 
substrate symmetry (in-plane square lattice for a cubic STO), there are four different 
possible in-plane orientations for the growth of VO2(A & B) thus leading to four 
different domains. This is consistent with the observed two different 90° oriented 
domains in our TEM data (Figures 3.6 and 3.9). 
3.4. 3 High resolution X-ray diffraction analysis of VO2(A) and VO2(B) thin film 
 
The previous TEM analysis successfully allows determining the epitaxial relations 
between the structure of VO2 (A) and VO2 (B) films and STO substrate. We extracted 
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from this study that both films adopt bulk like structure and are highly textured (90° 
oriented domains). However, the extracted interplanar spacings (d) from TEM images 
are only a local value and the error is important due to the accuracy of the image 
treatment. In order to get absolute of the average values of the lattice parameters of 
both films, we performed high resolution X-ray diffraction measurement by recording 
several reciprocal space maps (RSM) shown in Figure 3.11.   
 
Figure 3.11 XRD reciprocal space maps (RSM) of VO2(A) ((a)-(c)) and VO2(B) 
((d)-(f)) thin films. The red indexations stand for the SrTiO3 substrate while the 
blue indexation stands for the films respectively. r.l.u. = reciprocal lattice unit.  
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The measurement was performed with a 4-circle diffractometer (Huber 4-circle system) 
using synchrotron radiation and a Si (111) monochromator. Figure 3.11 (a) – (c) depict 
the RSM recorded on the VO2(A) sample along the [002], [012] and [022] 
crystallographic directions of STO. According to the epitaxial relation between STO 
and VO2 (A), we indexed the additional reflections observed in these RSM as the 
crystallographic planes (330), (332) and (060) of VO2(A). In the Figure 3.11 (a) we 
observe two strikes indicated by the letter M and S corresponding to the 
monochromator and the sample respectively, due to the high intensity of the substrate.   
The TEM analysis indicates that the [110] crystallographic direction of VO2(A) is 
perfectly aligned with the [001] direction of STO. Thus from XRD reciprocal space 
maps (RSM) of VO2(A) in Figure 3.11 (a) we extracted 𝑑330= 2.0128 Å (𝑑110=6.0383 
Å). This value is consistent with the TEM analysis (𝑑110= 6.05Å) which revealed the 
expansion of VO2(A) cell in comparison with the bulk compound (𝑑110 =5.9689 Å). 
Unfortunately, while recording the RSM, the alignment of the sample was made on the 
substrate, and the crystallographic planes (332) and (060) are not perfectly aligned with 
the (012) and (022) planes of the substrate, the extraction of the exact values of the 
lattice parameter of VO2(A) from Figure 3.11 (b) and (c) is not achievable. However, 
these RSM confirm the epitaxial relation between the VO2(A) film and STO substrate. 
Similarly, Figure 3.11 (d) – (f) show the RSM measured on VO2(B) thin film along the 
[002], [02�2] and [2�02] crystallographic directions of STO. From the TEM analysis, we 
conclude that the additional reflection observed in the Figure 3.11 (d) is associated with 
the (003) crystallographic planes of VO2(B). From the center of the reflection produced 
by the film, we extract 𝑑003= 2.0545 Å (𝑑001= 6.1635 Å). This value is slightly higher 
than the reported value from the TEM analysis (6.14 Å). This difference can be 
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explained by a higher resolution and an average measurement in the case of XRD 
analysis. Similarly, we observe in the Figure 3.11 (d) the two stripes coming from the 
monochromator and the sample respectively (indicated by the M and S letter in the 
figure). Let us now focus on the Figure 3.11 (e) and (f), due to the presence of 90° 
oriented domains reported by the TEM analysis, it is perfectly consistent to observe 
similar results in both RSM recorded along the [02�2] and [2�02] crystallographic 
direction of STO. Indeed these reflections are oriented at 90° respectively. According 
to the epitaxial relations between the VO2(B) film and STO, the additional reflections 
observed in these RSM are associated to the (023), (6�04) and (080) crystallographic 
planes of VO2(B). Similarly to the case of VO2(A), the RSM were recorded while the 
sample is aligned on the STO crystallographic direction. Thus the extraction of the 
lattice parameters of VO2(B) using these RSM is not accurate. However, once again the 
measurement of these RSM confirms the orientation of the VO2(B) film and STO 
substrate. 
In conclusion, although the extraction of the complete cell lattice parameters of both 
films VO2(A) and VO2(B) was not achieved, this high resolution XRD analysis allows 
us to determine the accurate value of the out-of-plane d spacing value in both cases 
( 𝑑110 =6.0383 Å and 𝑑001 = 6.1635 Å for VO2(A) and VO2(B) respectively). 
Furthermore, by combining the TEM and XRD analyses we conclude on the epitaxial 
relations between the films and the STO and the bulk like structure of both compounds 
in thin film form. 
3. 5 Raman spectroscopy studies 
 
Raman scattering spectroscopy has been widely used to study the lattice vibrations of 
different vanadium oxides phases. In this part of my thesis we studied the three 
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polymorphs of VO2 namely M, A and B phases using Raman spectroscopy. Group 
theory predicts that in the low temperature monoclinic VO2(M) insulating phase, there 
are 9 Ag and 9 Bg Raman active modes while one should observe 8 Au and 7 Bu infrared 
active modes [122-124].  
Polymorphs Raman Active Modes Infrared active Modes 
Monoclinic VO2(M) 9Ag + 9Bg 8Au + 7Bu 
Tetragonal VO2(A) 9A1g + 9B1g + 9B2g + 18Eg 8A2u + 17Eu 
Monoclinic VO2(B) 12Ag + 6Bg 5Au + 10Bu 
 
Table 3.1 Raman and Infrared active modes predicted by group theory for three 
different polymorphs VO2(M), VO2(A), VO2(B). 
 
Group theory also predicts, 9A1g + 9B1g + 9B2g + 18Eg Raman active modes and 8A2u 
+ 17Eu infrared active modes for the tetragonal VO2(A) while one should get 12Ag + 
6Bg Raman and 5Au + 10Bu infrared active modes for monoclinic VO2(B) phase 
(Table 3.1).    
Raman scattering spectra of the samples were obtained in the backscattering 
configuration with a Jobin Yvon LabRAM Raman microprobe spectrometer. A 514 nm 
laser was used as the excitation source. The scattered signal was detected using a 
liquid-nitrogen-cooled CCD detector. The incident laser light was in the energy range 
from 2.0 to 2.5 eV which is well above the 1.0 eV plasma frequencies in the metallic 
state and in the spectral region where the optical properties of different phases are 
nearly identical which helps for qualitative analysis. The penetration dept of the 
incident laser light in the VO2, of the order of 1000 Å, is also much larger than the 
thickness of any carrier depletion layer that may be present at the surface.    
3.5. 1 Raman spectroscopic analysis of VO2(M) Phase 
 
Figure 3.12 shows the Raman scattering spectra from the (022) surface of the VO2(M) 
thin film. We observe most of the peaks reported in the literature for the VO2(M) phase 
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[125-127]. The Raman peaks at 827 cm-1, 617 cm-1, 498 cm-1, 389 cm-1, 339 cm-1, 308 
cm-1, 262 cm-1, 223 cm-1 and 193 cm-1 can be assigned to Ag mode. While the Raman 
peaks at 827 cm-1, 660 cm-1, 588 cm-1, 482 cm-1, 450 cm-1, 443 cm-1, 395 cm-1, 311 cm-
1 and 267 cm-1 have Bg symmetry. C. Marini et al. [47] in 2008 have identified the 
Raman peaks related to the V-V and V-O motion. According to C. Marini et al. the 
peaks at 193 cm-1 and 223 cm-1 can be assigned to V-V vibrational modes while peak at 
617 cm-1 which consists of three peaks: a strong central peak and two weak shoulders at 
587 cm-1 and 660 cm-1 can be assigned to vibrational modes related to V-O bond. In 
conclusion our VO2(M) sample shows all the 9 Ag modes as well as 9 Bg symmetry 
modes.  
 
Figure 3.12 Raman scattering spectra from the (022) surface of the VO2(M) thin 
film at room temperature.  
 
3.5. 2 Raman spectroscopic analysis of VO2(A) and VO2(B) films 
 
Figure 3.13 Shows the Raman spectra of the (220) surface of VO2(A) and (002) surface 
of VO2(B) films deposited on SrTiO3 substrate. As mentioned above for the tetragonal 
VO2(A) there is 45 (9A1g + 9B1g + 9B2g + 18Eg) possible modes. Unlike VO2(M) we 
observe peaks at 292 cm-1, 406 cm-1, 434 cm-1, 889 cm-1, 918 cm-1 and 943 cm-1. The 
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peaks at 889 cm-1 918 cm-1 and 943 cm-1 are the characteristic features of the VO2(A) 
which are not present in the other two phases M and B while we observe a big 
background without any sharp feature in the Raman spectra for the VO2(B) film 
because of the metallic behavior of the film (screening effect). The detailed temperature 
dependent Raman study will be discussed in the next chapter.   
 
Figure 3.13 Raman scattering spectra from the (220) surface of the VO2(A) and 
(002) surface of VO2(B) thin film at room temperature.  
 
3. 6 Transport Properties 
 
There are many reports on transport properties to measure the behavior of resistivity, 
the carrier density and mobility of the well known monoclinic M phase of VO2 across 
the MIT [12, 128].  In this section we will report a comprehensive study of the physical 
properties of these high-quality VO2 polymorphs across their respective MIT electrical 
transport properties, optical and infrared spectroscopy. 
3.6. 1 Temperature dependent Resistivity measurement 
 
The temperature dependence of resistivity of VO2(M) has been reported by many 
authors [20, 44]. The typical resistivity curve for our VO2(M) thin films which are in 
agreement with the published data is shown in Figure 3.14 (a) (black curve). In the high 
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temperature metallic phase the resistivity is relatively temperature-independent and 
attains a value as low as 3×10-4 Ω-cm at 400 K.  
 
Figure 3.14 Temperature dependent resistivity measurement for VO2 (M), VO2 (A) 
and VO2 (B) thin films. 
 
In the semiconducting state, the resistivity reaches to a value 1×10-1 Ω-cm at 300 K. 
The transition temperature during the heating cycle is determined to be ~ 340 K which 
matches with the literature for the undoped VO2 films or VO2 bulk single crystal [119, 
128] while it shifts to 330 K during cooling cycle with a hysteresis. There are very few 
reports on the physical properties on VO2(A) and VO2(B) [57, 129-131]. To the best of 
our knowledge there were no reports on VO2(B) and VO2(A) thin film transport data. 
Figure 3.14 show the electrical transport measurement in the temperature range from 
400 - 250 K and 575 - 300 K during heating and cooling for VO2(M), VO2(A) and from 
300-150 K for VO2(B) thin films. VO2(M) film shows a typical insulator to metal like 
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transition at around 336 K. We observe a sharp 2-3 order of change in resistivity with a 
hysteresis width of ~ 10 K. The VO2(A) shows a typical semiconducting behavior in 
the temperature range from 575 - 300 K while the VO2(B) film shows an approximately 
4 orders (from 4 mΩ-cm to 22 Ω-cm)  of change in resistivity while cooling from 400-
150 K followed by a large hysteresis during cooling and heating cycle. These 
measurements confirm the semiconducting behavior of VO2(M), insulating behavior of 
VO2(A) phase and the semimetallic behavior of VO2(B) at room temperature.   
 
Figure 3.15 dlog(R)/dT versus Temperature plot for cooling and heating cycle. 
 
To extract the exact insulator to metal transition temperature in the three phases we 
have plotted the derivative of resistance with respect to temperature versus temperature 
(Figure 3.15). The dip in the plot represents the MIT temperature. From the figure we 
calculate that VO2(M) shows MIT at 340 K during the heating which is in very good 
agreement with the bulk and reported thin film data. While cooling the MIT has 
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reduced to 330 K. Our VO2(M) sample shows a large hysteresis ~10 K. The large 
hysteresis can be due to inhomogenity, defects and dislocations which arise because of 
large lattice mismatch between the substrate and films. The VO2(A) thin films do not 
show metal to insulator transition, the VO2(B) films show a kink at 264 K and a clear 
transition at 205 K during the heating cycle which shift to 252 K and 194 K 
respectively during the cooling cycle. 
 
Figure 3.16 Arrhenius plots of (a) VO2(M), (b) VO2(A) and VO2(B) for activation 
energy Ea in the high temperature (300-400 K) and low temperature (200-300 K) 
region. 
 
Figure 3.16 (a) and (b) shows the Arrhenius plot for the three samples VO2(M), (A) and 
(B). The activation energies are estimated from the linear fitting of Ln (Resistance) vs 
1/KBT plot as Ln(R) = b+ Ea/KBT, where R, T, Ea, KB, b are resistance, temperature, 
activation energy, Boltzmann constant and R-axis intercept respectively. From the 
slope of the linear fitting curve in the high temperature range, the activation energy Ea 
of the VO2(A) film is calculated to be 0.23 eV, which is much smaller than the 
previously reported value of 0.8 eV for pressed pellet [53]. This difference in the 
activation energy may be explained by the inter-grain connectivity of the 
polycrystalline sample. 
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VO2(B) shows three different activation energies (Ea1 = 0.08 eV, Ea2 = 0.23eV, Ea3 = 
0.45eV) in the whole temperature range which again supports the gradual structure 
evolution causing the opening of the band gap in the VO2(B) as predicted by magnetic 
susceptibility measurements [61]. The first activation energy, Ea1 = 0.08 eV  is 
attributed to paramagnetic V atoms of the HTP, second activation energy (below ~266 
K) Ea2 = 0.23eV  is attributed to the formation of nonmagnetic V-V pairs and finally the 
third activation energy (below 212 K) Ea3 = 0.45eV indicates the presence of singlet 
spin V4+ pairs analogous to the case of V6O13 [132]. The small activation energy (~ 0.08 
eV) observed in the high temperature phase of VO2(B) supports thermally activated 
carriers and should be interpreted in terms of an insulating behavior. However, if one 
looks at the most usual MIT of the VO2 in its R phase, one will find a similar increasing 
resistivity with decreasing temperature within what is termed the metallic high 
temperature state of that phase of VO2. Since the rate of the resistivity increase is 
similar in the R and B phases, therefore, both should be termed as metallic state, albeit 
a dirty or a bad metallic state.  
3.6. 2 Hall measurement for the carrier density and mobility 
 
Carrier density is one of an important parameter in the Mott physics. Hall effect 
measurements in VO2(M) shows that electron are the majority carriers below and above 
the MIT [12]. The Hall Effect measurement in VO2 is a challenging task due to low hall 
mobility and high carrier density which results into low Hall voltage. The Hall voltage 
measurement on the VO2 polymorphic thin films is done in the standard van der pauw 
arrangement in the DC magnetic field upto 2T. The temperature dependence carrier 
density calculated from the Hall voltage data and the extracted mobility is shown in 
Figure 3.17.  
 




Figure 3.17 Temperature dependent carrier density and mobility for (a) VO2(M), 
(b) VO2(A) and (c) VO2(B). 
 
The temperature dependent carrier density calculated from the Hall measurement and 
the extracted mobility is shown in Figure 3.17. Table 3.2 summaries the carrier density 
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and respective mobility for the three films in the high and low temperature phases, 
respectively.  
Polymorphs of VO2 




M(LTP) 3×1019 (300 K) 0.25 
R(HTP) 8×1022 (380 K) 0.03 
A(LTP) 5×1017 (300 K) 5.60 
A(HTP) 1×1019 (400 K) 1.80 
B(HTP) 5×1022 (300 K) 0.02 
B(LTP) 1×1017 (150 K) 2.15 
 
Table 3.2 Comparison of hall carrier density and mobility of different polymorphs 
of VO2. 
 
The carrier density and mobility for the M phase as well as for its high temperature 
metallic R phase are comparable to the literature values [119, 128]. VO2(B) film shows 
a ~ 6 orders of decrease in carrier density from 5×1022 cm-3 (comparable to that of 
metallic R phase) to 1×1017 cm-3 accompanied by an increase of 2 orders of magnitude 
in mobility from 0.02 to 2.15 cm2/Vs measured at 300 K and 150 K, respectively. 
Room temperature carrier density of VO2(A) (1×1017 cm-3) is comparable to that of 
VO2(B) at low temperature (150 K) which is 2 orders of magnitude less than the 
VO2(M). The mobility trends (lower mobility for increased carrier density) in VO2 
polymorphs indicate the role of carrier-carrier scattering in the electronic transport. 
In conclusion no evidence of insulator to metal transition in VO2(A) films at 162.8 °C 
or structural phase transition was observed and this is not surprising as even in the bulk 
material the observed transition was quite weak [53]. On the contrary the transport 
measurement of VO2(B) films supports the previous low-temperature X-ray studies on 
VO2(B) which revealed an evolution from a high temperature monoclinic metallic 
phase to another monoclinic insulating phase at low temperature [61]. 
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3. 7  X-ray photoelectron Spectroscopy analysis 
 
Bulk electronic structures of different polymorphs of VO2 were investigated using hard 
X-ray photoelectron spectroscopy (HAXPES). The experiments were carried out using 
high-energy photoemission spectroscopy at Petar-III synchrotron source in 
collaboration with Prof. D. D. Sharma and Mr. Banabir Pal of Solid State and 
Structural Chemistry Unit, Indian Institute of Science, Bangalore. All spectra were 
collected at the room temperature (300K) and at an excitation energy of 3.5 keV for 
reasonable bulk sensitivity with a mean free path, λ, of 2.95 nm. Figure 3.18 shows the 
valence band photo emission spectra of A, B and M phases of VO2.  
 
Figure 3.18 HAXPES of VO2 polymorphs. (a), (b) Bulk sensitive x-ray 
photoelectron spectroscopy (HAXPES) spectra taken at 300 K for the 
semiconducting M phase, insulating A and semi-metallic B films using photon 
energy 3.5 keV. 
 
In Figure 3.18 (a) the broad and higher intensity feature between 2 eV and 9 eV binding 
energies arises primarily from O 2p states whereas the relatively lower intensity peaks 
nearer to the Fermi energy (EF) are mainly contributed by V 3d-like states. In order to 
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make connection with the metallic/insulating properties of these materials, we focus on 
the V 3d related states in the vicinity of the EF that control the low energy excitations in 
these systems. The V 3d spectra of A, B and M phases, shown in Figure 3.18 (b) in an 
expanded scale, look significantly different with respect to each other. Spectra for both 
M and A phases exhibit a single peak structure with no spectral intensity at the Fermi 
energy, consistent with the insulating state of both these compounds. These spectral 
features correspond to the lower Hubbard band of these strongly correlated systems and 
often have been termed the incoherent feature. The band gaps estimated from these 
spectra are approximately 0.32 eV and 0.72 eV for the M and A phases, respectively. In 
contrast to both M and A phases, B phase V 3d spectral feature is relatively broad in 
nature. The broad spectral feature suggests two partially overlapping peaks in this case, 
with one peak position at about 1.6 eV, while the other at about 0.6 eV binding energy. 
The feature at the 1.6 eV binding energies appears between the spectral features of the 
lower Hubbard band in M and A phases, and can, therefore, be attributed to the 
incoherent spectral feature of the lower Hubbard band in VO2(B) phase. The remaining 
feature, much closer to and with a finite intensity at the Fermi energy, clearly 
establishes the metallic nature of VO2(B) phase at the room temperature; this low 
energy spectral feature is called the coherent peak in this case. Thus the photoemission 
spectra for all three phases are consistent with the observed transport properties of VO2 
in these three phases.  A detailed analysis of the HAXPES will be reported in Ref. 
[133].     
3. 8 Conclusion  
 
In conclusion, we have shown that the three polymorphs of VO2(A, B and M) thin films 
can be prepared in single phase by controlling the vanadium arrival rate and the oxygen 
pressure. The phase diagram for the growth of the various phases indicates that the 
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VO2(M/R) is the most stable phase, next is VO2(A) followed by VO2(B) as the least 
stable phase. The transport studies indicate that B is semi-metallic, A is insulating 
while M is semiconducting which is corroborated by the HAXPES measurements. 
Furthermore, the presence of the V-V dimers probed by Raman and infrared 
spectroscopic measurements in the three polymorphs underscores the importance of 
dimerization that strongly influences the electronic properties of VO2. The ability to 
control the growth of various polymorphs opens up the possibility for novel VO2 
heterostructures promising new device functionalities. 
 
 






Effect of Modified Orbital Occupancy on the Electrical Behavior of VO2 




Taking into consideration the possible technological importance of these materials we 
present in this chapter the growth of these phases on 28 nm STO buffered-Si substrates. 
XRD θ-2θ and rocking curve results have been presented to examine the crystalline 
quality of the films grown on two substrates. Comparisons of physical properties of 
these films grown on STO as well as STO (28nm)-Si substrate have been discussed and 
band diagram is presented for different VO2 polymorphs. Temperature dependent 
Raman as well as MIR-FIR spectroscopic measurement has been performed to nail 
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4. 1 Characterization of VO2 polymorphs deposited on SrTiO3 (28nm)-Si substrate 
 
The previous study presented in chapter 3, underlines the properties of the polymorphs 
of VO2, M, B and A in thin film form grown on STO substrate. Taking into account the 
possible technological importance of these materials, it was interesting to investigate 
the growth of these phases on Si substrate in order to make them suitable for integrated 
devices. It has been proven in the previous chapter that those polymorphs grow nicely 
as single crystals preferentially on (100) STO substrate. Thus in order to favor the 
growth of these phases on Si substrate we choose to use (100) STO (28 nm) buffer 
layered Si substrates (STO–Si substrate). Due to the differences in the thermal 
expansion coefficient of Si and STO, cracks build up in thicker STO buffer layer upon 
subjecting to thermal cycle during the growth process. Hence, we restricted to using 28 
nm buffer STO layer to avoid the cracks building up in STO. On the other hand an 
attempt to record the infrared phonons of the polymorphs in the transmission geometry 
was not successful due to a complete absorption of the infrared radiation by the STO 
substrate underneath while the reflection geometry could not be explored due to 
experimental limitation. Hence, the VO2 polymorphs were grown on STO (28 nm) 
buffered Si substrates to minimize the STO effect during infrared spectroscopy 
measurements. The thin films of VO2(M), VO2(B) and VO2(A) grown on SrTiO3–Si 
substrate were deposited using PLD technique following the optimized conditions for 
the stabilization of each phase according to the phase diagram described in the previous 
chapter. After a RBS analysis to characterize the composition of the three phases grown 
on SrTiO3–Si substrate in comparison with the films grown on STO substrate, a 
detailed structural study by X-ray diffraction was performed in order to compare the 
crystallinity of the phases grown on the two different substrates. The electronic 
transport properties of the phases grown on SrTiO3–Si substrate were thus 
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characterized and compared with the behavior of the film grown on STO. The 
differences in the behaviors between the two series of samples are deeply studied by 
Raman and MIR-FIR spectroscopy measurements in order to reveal the role of the 
presence of dimers in VO2 polymorphs. 
4.1. 1  X-Ray characterization  
 
Figure 4.1 shows the XRD θ - 2θ diffracted patterns for the thin films of (a) VO2(A) 
and (b) VO2(B) phases grown on SrTiO3 substrate and (a) VO2(A) and (b) VO2(B) 
phases grown on SrTiO3–Si substrate respectively. In the case of Figure 4.1 (a,b), STO 
is the substrate. The scan has been performed using synchrotron radiation which makes 
all the reflections of the (00l) family of STO saturate the detector. The intensities of 
these reflections are not relevant. In the case of Figure 4.1 (c,d), the substrate is Si, the 
STO is a thin layer of only 28nm, thus the reflections of the (00l) family of STO 
present the appropriate relative intensities, i.e.,  001 is 10 times smaller than 002 and 
003 is 30 times smaller than 002. Thus the 003 is almost in the noise level. This is the 
reason the 003 reflection is quasi not present in the Figure 4.1 (c) scan. By comparing 
the patterns of both phases on the two substrates, it appears that in both cases the 
VO2(A) and VO2(B) thin films orientation are similar independently from the substrate 
choice. This preliminary analysis allows the comparison among the four samples in 
term of structure and physical properties.  
In order to study more precisely the structure of the VO2(A) and VO2(B) thin films 
grown on SrTiO3-Si substrate, in comparison with the phases grown on SrTiO3 
substrate, we focus on the reflections (220) and (002) of VO2(A) and VO2(B) thin films 
respectively shown in Figure 4.2 (a) and (b). For sake of comparison we also study 
VO2(M) films grown on both substrates plotted in Figure 4.2 (c). 
 




Figure 4.1 XRD θ - 2θ spectra for the A and B thin film phases of VO2 deposited 
on (a) and (b) SrTiO3 substrate and (c) and (d) SrTiO3 (28nm)/Si substrate. 
 
As described in chapter 3, the orientation of VO2(M) on STO produces the (011) 
reflections in the diffracted space at off-χ position (χ = 7°) and twisted at 45° in φ, with 
respect to the substrate. The three phases VO2(A), VO2(B) and VO2(M) grown on 
SrTiO3–Si substrate shift towards a higher 2θ value, related to a shorter d spacing value 
(reported in Table 4.1), in comparison with the films grown on STO substrate. By 
comparing these values with the bulk values (d220(A) = 2.9841 Å, d002(B) = 3.0762 Å, 
d011(M) = 3.3114 Å), it appears that the films grown on STO–Si substrate are more 
relaxed than the films grown on STO substrate. It is known that the STO buffer layer 
grown on Si substrate presents multiple grains and thus contains grain boundaries and 
dislocations which decrease the strain applied by the substrate on the films in contrary 
to a single crystal STO substrate.  
 




Figure 4.2 Comparison of (a)-(c) XRD θ - 2θ spectra, (d)-(f) the rocking curve for 
the A, B and M thin film phases deposited on SrTiO3 and SrTiO3 (28nm)/Si 
substrate. 
 
The observed evolution of the out of plane d spacing in these three compounds can thus 
be explained by a difference in relaxation of the substrate strain between STO and 
STO–Si substrate. The Scherrer equation, 𝐷 = 0.9×𝜆
𝐵 cos𝜃, where D is the grain size, λ the 
wavelength, B the FWHM of the reflection in the θ - 2θ diffracted pattern and θ the 
Bragg angle of the specific reflection, allows us to evaluate the grain size along the out-
of-plane direction in the different thin films (reported in Table 4.1). For the three 
phases, the grain size is significantly reduced in the thin films grown on STO–Si 
substrate. Furthermore the rocking curves (shown in Figure 4.2 (d)-(f)) measured on the 
respective reflections of the different phases present an increased FWHM (reported in 
Table 4.1) in the case of the films grown on STO–Si substrate in comparison with the 
sample grown on STO substrate. These observations reveal a slightl decrease in the 
crystalline quality of the thin film grown on Si-STO cause by the presence of multiple 
grains in the STO buffer layer. However, the structural behavior of the three 
polymorphs of VO2, (A), (B), and (M) are quite similar while grown on STO–Si 
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substrate in comparison with the thin film grown on STO substrate. Thus it is of a great 
technological importance to characterize the physical properties of these polymorphs 
grown on STO–Si substrate. 
Polymorphs d spacing (Å) 
FWHM 
(2θ) (°) 




VO2(M) on STO d011 = 3.204±0.003 0.256 307±2 1.10 
VO2(M) on STO-
Si 
d011 = 3.191±0.003 0.305 267±1 1.96 
VO2(A) on STO d220 = 3.018±0.002 0.147 544±3 0.12 
VO2(A) on STO-
Si 
d220 = 3.002±0.002 0.223 257±1 1.11 
VO2(B) on STO d002 = 3.082±0.002 0.150 557±3 0.87 
VO2(B) on STO-
 
d002 = 3.069±0.002 0.317 367±2 1.36 
 
Table 4.1 Comparison of the rocking curves and the calculated d spacing’s of M, 
A and B phase of VO2 deposited on SrTiO3 and SrTiO3 (28nm)/Si substrate. 
 
4.1. 2 Oxygen resonance Rutherford backscattering spectra 
 
For the precise oxygen composition of the VO2 films prepared by PLD, we performed 
oxygen resonance RBS measurements using 3.045 MeV alpha ions and used a 15 keV 
FWHM resolution surface barrier detector in IBM geometry. The analysis of the RBS 
spectra is done using SIMNRA simulation software by using non-Rutherford cross 
sections for Oxygen atoms and fitting the entire spectra including oxygen resonance 
peak, from where we directly obtained the oxygen composition precisely. Oxygen 
resonance RBS measurements are carried out on these films shown in Figure 4.3 (a), (b) 
and (c) respectively. The RBS measurements are done using 3.045 MeV energy alphas, 
where the oxygen backscattering yield is maximum. Figure 4.3 (a) shows the oxygen 
resonance Rutherford backscattering spectra of VO2(B) film grown on single crystal 
SrTiO3 substrate. The inset shows the comparison of the oxygen peak for the VO2(A) 
and VO2(B) films. Figure 4.3 (b), (c) spectra is for VO2(B) and VO2(A) films deposited 
on STO (28nm)/Si substrate.  From the simulation and fitting using SIMNRA software 
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we confirmed the composition for the two films VO2(A) and VO2(B) deposited on two 
different substrate SrTiO3 and SrTiO3 (28nm)/Si  is VO2±0.02.  
 
Figure 4.3 Oxygen resonance Rutherford backscattering spectra using 3.045 MeV 
alpha ions and respective SIMNRA fit of (a) VO2(B) film grown on single crystal 
SrTiO3 substrate. The inset shows the comparison of the Oxygen peak for the 
VO2(A) and VO2(B) films. (b) and (c) Oxygen resonance Rutherford 
backscattering spectra of VO2(A) and VO2(B) films deposited on STO (28nm)/Si 
substrate.  From the simulation and fitting we confirmed the composition for the 
two films VO2(A) and VO2(B) deposited on two different substrate SrTiO3 and 
SrTiO3 (28nm)/Si  is VO2±0.02. 
 
4.1. 3 Mid and Far infrared spectroscopy  
 
Infrared spectroscopy is an excellent analytical method, which have been widely 
utilized to study the MIT of VO2 (M/R). It was important to study the vibration modes 
of these phases in the mid infrared region as well as far infrared region. Room 
temperature infrared spectra of the VO2(M, A, and B) polymorphs are presented in  
 






Figure 4.4 The far infrared transmittance (%) of VO2(M), VO2(A), VO2(B) films 
deposited on SrTiO3 (28 nm)/Si substrate. 
 
Figure 4.4 (a)-(f). According to the reported IR spectra of Vanadium oxides, the 
vibration band at and above 900 cm-1 are assigned to the stretching of V=O bonds. The 
modes in the range < 250 cm-1 are attributed to the O−V−O bending modes while 
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modes in the range of 250−700 cm-1 are related to the V−O−V stretching modes. One 
of the characteristic differences in the IR modes for the VO2(M) and VO2(A) is the 
relative change in the peaks intensity of modes at ~511 cm-1 and ~320 cm-1. We have 
tabulated all the Raman and IR modes observed in our polymorphic films deposited on 
STO-Si substrate in Table 4.2. 













195 30 160 32 193 90 
224 43 184 51 213 123 
264 50 216 80 264 166 
308 88 292 89 303 190 
336 163 316 166 358 203 
387 190 339 175 403 225 
441 222 358 190 622 253 
587 280 375 203 672 315 
616 290 415 226  470 
660 320 455 254  533 
827 342 673 280  651 
 403 890 318   
 450 914 422   
 470 942 511   
 511  588   
 598  661   
 634  908   
 
Table 4.2 Comparisons of Raman and Infrared active modes present in the 
polymorphs VO2(M), VO2(A) and VO2(B) films deposited on buffered STO-Si 
substrate. 
 
4.1. 4 Comparison of Raman and Infrared Spectra of films deposited on STO and 
STO-Si substrate 
 
The VO2 polymorphs were grown on STO (28 nm) buffered Si substrates; their 
corresponding Raman spectra are shown in Figure 4.5 (b). While the Raman spectrum 
of M phase on STO (28 nm) / Si matches very well with that of VO2(M) on STO 
substrate (Figure 4.5 (a)), the Raman spectra of A and B phases are in stark contrast. 
With reference to the mode assignment of the Raman phonons of VO2 polymorphs 
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reported earlier [122, 123, 125], the modes above 225 cm-1 may be assigned to the 
octahedral V-O and O-O vibrations while those below may be associated with the 
dimer vibrations. The peaks at 224 cm-1 (M phase), 216 cm-1 (A phase), and 213 cm-1 
(B phase) may be attributed to the stretching mode of the V-V dimers along the dimer-
chain while those at 195 cm-1 (M phase), 184 cm-1 (A phase), and 193 cm-1 (B phase) 
may arise from one of the twisting modes of the dimers. Another twisting mode 
associated with the dimers is expected to give rise to a peak at lower frequencies, e.g., 
the 165 cm-1 peak in A phase (Figure 4.5 (b)) and the ~149 cm-1 in M phase [47]. The 
absence of this twisting mode in our Raman spectra of M and B phases is due to the 
optical filters introduced to get rid of the Rayleigh background that cut the spectra 
below ~150 cm-1.  
 
Figure 4.5 Comparison of Raman spectra of VO2(M), VO2(A), VO2(B) films 
deposited on (a) SrTiO3 substrate and (b) SrTiO3 (28nm)/Si substrate. (c) The far 
infrared transmittance (%) of the films deposited on SrTiO3 (28 nm)/Si substrate. 
 
To investigate the mechanistic behavior of the metal-to-insulator transition observed in 
these polymorphs, it is important to investigate the phonons related to the V-O and V-
dimers that can be probed by Raman and infrared spectroscopic techniques. Figure 4.5 
(a) shows the Raman spectra of VO2(M), VO2(A) and VO2(B) grown on single crystal 
STO substrates. As reported for M phase, we have also observed the Raman modes 
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associated with V-V dimer and the V-O vibrations. In contrast, the dimer vibrations are 
not observed in A phase including some of the V-O vibrations while no peaks could be 
observed in the Raman spectrum of the B phase on STO owing to its metallic nature. 
An attempt to record the infrared phonons of the polymorphs in the transmission 
geometry was not successful due to a complete absorption of the infrared radiation by 
the STO substrate underneath while the reflection geometry could not be explored due 
to experimental limitation. 
A comparison of the Raman spectra of the VO2 polymorphs grown on STO substrates 
with those on the STO buffered Si substrates suggest that the former possess more 
deformation due to stretching of the lattice parameters resulting in Raman inactive 
modes due to the changes in the local symmetry. In other words, the polymorphs grown 
on STO buffered Si has better structural resemblance with their bulk counterparts in 
comparison to the ones grown on STO substrates. To complement the Raman phonons, 
we have also recorded the infrared spectra of the polymorphs on STO/Si in 
transmission geometry that are shown in Figure 4.5 (c). The high frequency modes are 
due to the octahedral V-O and O-O vibrations while the low frequency modes are due 
to the V-V dimer vibrations. Importantly, the stretching and twisting modes of V-V 
dimers are observed in both Raman and infrared spectra of the VO2 polymorphs grown 
on STO/Si unlike STO substrates where no V-V dimer Raman modes are seen. The 
lattice constant of the A phase grown on silicon is closer to the bulk values unlike on 
STO and this may account for the difference in the Raman spectra. 
4. 2 Temperature dependent Raman of VO2(A) 
 
In order to explore the existence of temperature induced phase transition in VO2(A), 
temperature dependent Raman measurements are performed on the VO2(A) thin films 
deposited on (100) STO (28nm)-Si substrate in the temperature range from 300 - 500 K. 
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The evolution of Raman modes for the VO2(A) films under various temperature is 
presented in Figure 4.6. Fourteen Raman active modes are observed in the Raman 
spectrum at 300 K as also listed in Table 4.2. Figure 4.7 (a) shows the temperature 
dependent Raman spectra of VO2(A) where the intensity of the phonons are observed to 
decrease with increasing temperature. The phonon frequencies soften with increasing 
temperature by about 1% thus indicating a quasi-harmonic / volume expansion effect to 
the phonon renormalization. There appears no major peak shifts in the measured 
temperature range for the low frequency modes related to the different V-V vibrations 
suggesting that there is no structural transition in A phase in between 300 - 500 K. 
Importantly, the intensity of all the Raman modes decreases with increasing 
temperature and the modes nearly disappear above ~ 440 K (167 °C). However, we do 
not observe any new peak appearing at high temperatures. This is in sharp contrast to a 
recent report [130] where new Raman peaks have been observed at high temperatures 
above 162 °C owing to structural phase transition. The decrease in intensity can be due 
to the thermal effect and/or screening effect owing to an increase in the conductivity at 
high temperatures (Figure 4.10). 
 
Figure 4.6 Temperature dependent Raman spectra of VO2(A) in the range of 300 
K- 520 K. 
 




Figure 4. 7 Raman spectra in the frequency range 100- 500 cm-1 and 600-1050 cm-1 
for VO2(A) at different temperature. 
 
4. 3 Temperature dependent Raman of VO2(B) 
 
 
Figure 4.8 Temperature dependent Raman spectra of VO2(B) in the range of 300 
K- 80 K. 
 
Similarly in order to study the temperature induced phase transition in VO2(B) thin 
films, an in-situ Raman scattering measurement was performed from 80 K to room 
temperature. The evolution of Raman modes for the VO2(B) films under various 
temperatures is presented in Figure 4.8. To note that the overall Raman intensity of B 
phase is weaker in comparison to A and M phases which may possibly be due to a 
lower scattering cross-section. The frequency of the modes softens with increasing 
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temperature owing to thermal effect. However, we do not see any abrupt change in the 
spectrum thus suggesting no structural change in the temperature range (Figure 4.9).  
 
Figure 4.9 Raman spectra in the frequency range 100- 500 cm-1 and 600-1050 cm-1 
for VO2(B) at different temperature. 
 
4. 4 Electrical transport measurements 
 
 
Figure 4.10 Comparison of temperature dependent resistivity measurement of 
VO2(M), VO2(A) and VO2(B) thin films (a) single crystal SrTiO3 (100) substrate (b) 
SrTiO3 (28nm)/Si substrate. 
 
Figure 4.10 shows the resistivity measurement for the VO2(M), VO2(A) and VO2(B) 
deposited on two different substrate, single crystal SrTiO3 (100) substrate and SrTiO3 
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(28nm)/Si substrate. The VO2(M) shows not only small change in resistivity across the 
MIT for the film deposited on SrTiO3 (28nm)/Si substrate but also an increase in the 
resistivity of the metallic phase. This increase in resistivity behavior is seen in the 
VO2(B) films also deposited on SrTiO3 (28nm)/Si substrate while the resistivity of the 
VO2(A) film has decreased considerably when deposited on SrTiO3 (28nm)/Si substrate. 
The resistivity values of these films at different temperature are listed in Table 4.3 for 
comparison. 
Polymorphs 300 K 380 K 170 K 
VO2(M) on STO   ~15 mΩ-cm 0.35 mΩ-cm  
VO2(M) on STO-Si ~200 mΩ-cm 2.5 mΩ-cm  
VO2(A) on STO   ~16 Ω-cm 2.6 Ω-cm  
VO2(A) on STO-Si ~450 mΩ-cm 68 mΩ-cm  
VO2(B) on STO ~3.6 mΩ-cm 2  mΩ-cm 12.5 Ω-cm 
VO2(B) on STO-Si ~15.4 mΩ-cm 5.5 mΩ-cm 40 Ω-cm 
 
Table 4. 3 Comparison of the resistivity of M, A and B phase of VO2 deposited on 
SrTiO3 and SrTiO3 (28nm)/Si substrate at different temperatures. 
 
In the VO2 system, the electronic transport of the (R) and (M) phases is mostly 
explained by the cR/aR ratio related to the (R) phase lattice parameters. The cR/aR ratio 
evolution is directly correlated to the V-O apical and equatorial distances as represented 
in Figure 4.11 (a). We choose an arbitrary x, y, z reference system, rotated by 45° in 
contrast to the usual adjustment of the x and y axes parallel to the metal-ligand bonds, 
in order to align the x axis with cR. A distortion of the octahedra in the equatorial plane 
(along cR) and along the apical bond (related to aR) will modify the overlap between the 
orbitals in the system and thus the electronic band diagram. The crystal field of the 
oxide ligands splits the d orbital into 𝑡2𝑔  and 𝑒𝑔  orbital. The 𝑑3𝑧2−𝑟2  and 𝑑𝑥𝑦  orbital 
related to 𝑒𝑔  point directly toward the oxide ligands and give rise to 𝜎 bonding and 
antibonding states of V 3d-O 2p molecular orbitals. In contrast, the 𝑡2𝑔 states are built 
from the 𝑑𝑥2−𝑦2 , 𝑑𝑥𝑧, and  𝑑𝑦𝑧 orbitals. The exact position and width of the d bands is 
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subjected not only to the p–d hybridization but also strongly influenced by direct metal-
metal interactions. The 𝑑𝑥𝑧 and 𝑑𝑦𝑧, pointing towards the octahedra faces, forms a “π” 
overlap with the oxide ligands and will give rise to bonding π and antibonding π* states, 
whereas the 𝑑𝑥2−𝑦2 orbital is directed toward adjacent V atoms (along the x axis) and 
experience a strong overlap parallel to the rutile c axis. These orbitals are of 𝑏1𝑔 
symmetry but are usually designated as the 𝑑∥ bands. 
 
Figure 4.11 Schematic crystal structures of the films on the STO substrate. (a) An 
octahedron at the centre of a rutile unit cell of VO2 is drawn to illustrate the 
orthorhombic distortion and the different apical and equatorial V–O bond lengths. 
(b), (c), (d) A schematic of the VO2(M), VO2(A) and VO2(B) unit cell arrangement 
on the STO substrate. 
 
Figure 4.11 (b), (c) and (d) shows the schematic of the VO2(M), VO2(A) and VO2(B) 
unit cell arrangement on the STO substrate. In case of these polymorphs the apical 
oxygen in along the out of plane direction while the equatorial plane is in plane.  
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Considering the R/M system, a decrease of the apical V-O distance (increase of cR/aR 
ratio) influences the metallic phase to become more insulating and the insulating phase 
more metallic, respectively [115]. By assuming that the band diagram of the B phase is 
qualitatively similar to that of the R phase and the A phase band diagram is comparable 
to that of M phase, the evolution in the lattice parameter when the polymorph are 
grown on Si-STO substrate can explain the difference in the transport behavior of the 
three polymorphs grown on different substrates shown in Figure 4.10.  
The detailed TEM analysis performed on the VO2 polymorphs (A, B) grown on STO, 
presented in chapter 3, reveals the epitaxial relations between the films and the 
substrate (represented in Figure 4.11 (c), (d)) but also the evaluated lattice parameters. 
For VO2(A), 𝑑110  = 6.05(1) Å and 𝑑001  = 7.75(1) Å are both expanded by ~1.3% 
compare to the bulk values (𝑑110= 5.968 Å and 𝑑110= 7.666(1) Å). 
However, we observed that VO2(A) preserves a tetragonal structure in thin film, thus 
these results suggest that the entire unit cell volume of VO2(A) has increased. On the 
other hand, in VO2(B), the out-of-plane 𝑑001 = 6.14(1) Å is close to the bulk value 
(6.153 Å) while the in-plane 𝑑100 = 11.85(1) Å and 𝑑010 = 3.83(1) Å are compressed 
and elongated, respectively, compared to the bulk values (𝑑100 = 12.093(1) Å and 
𝑑010 = 3.7021(2) Å). The evaluated β angle (~107.3(1)°) is slightly larger to the bulk 
value (106.97°). From the previous XRD analysis, the out-of-plane interplanar 
distances are measured with a higher accuracy (𝑑110(A) = 6.036(4) Å and 𝑑001 (B) = 
6.164(4) Å) but are very close to the TEM analysis results. In the VO2 system the 
localization [VO2(M)] and delocalization [VO2(R)] of electrons happen along the edge 
shared octahedra. The overlap of 𝑑𝑥2−𝑦2 orbital in the VO2(M) along the aM axis where 
the V-V distance is 2.6542 Å makes the electron localized between these two V atoms 
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while the next V-V distance which is 3.1246 Å does not allow any 𝑑𝑥2−𝑦2  orbital 
overlap, hence breaks the conduction. While in VO2(R) the equidistant V-V separation 
(2.8514 Å) along the cR- axis (~aM/2) favors the delocalization of the electrons and thus 
creates a metallic chain. 
In VO2(B) we observe that the equatorial plane is contained in the a-b plane (Figure 
4.11 (d)) and the edge shared octahedra arranged themselves in such a way that it forms 
a 76° (V-V-V angle) zig-zag V-V metallic chain along the bB axis with a V-V distance 
of 3.0053 Å (as listed in Table 4.4). Hence we expect the metallicity in the VO2(B) to 
be along the bB direction. In the VO2(A) the equatorial plane is in the (110) plane and 
the edge shared octahedra are connected in a zig-zag arrangement. In this geometry 
along the c- axis the V atoms are separated by three different distances. The smallest V-
V distance (2.7696 Å) is larger than the VO2(M) (2.6542 Å) but the next three V-V 
distances are 3.1022 Å and 3.2473 Å (Figure 1.8) which are large enough to disconnect 
the conduction and hence in VO2(A) the electrons will be more localized which may 
lead to large 𝑑∥ band splitting (more insulating behavior). In the Metallic phases of VO2, 
as the p-d overlap along the apical direction (i.e. larger the cR/aR) increases it will lead 
to a shift of the π* band towards higher energy with respect to the 𝑑∥. The consequence 
of this will be a transfer of electrons from the π* to 𝑑∥ orbitals. Based on our electrical 
and HAXPES observations (Figure 4.12) and using the above analogy we propose a 
relative orbital picture as shown in Figure 4.13. The transport data shows that VO2(B) 
is less metallic compared to the VO2(R) thus suggesting that in VO2(B)(HTP) the p-d 
overlap is larger (i.e. large cR/aR) compare to VO2(R). In Figure 4.13 (b) for 
VO2(B)(HTP) there is a less fraction of electron in the π* orbital as a consequence of  
an upshift of the π* band compare to the VO2(R) phase.  
 




Figure 4.12 Comparison of the HAXPES spectrum for VO2(M), VO2(A), 
VO2(B)(LTP) and VO2(B)(HTP). 
 
Polymorphs cR Apical distance Average (aR) cR/aR c/a 
VO2(M)(LTP) V-V=2.6542 Å V-O=1.7618+2.0509 Å 
Average 
V-O=1.90635 Å 1.3923 Å 
VO2(A)(LTP) V-V=2.7696 Å V-O=1.6446+2.2685 Å 
Average 
V-O=1.95655 Å 1.4155 Å 
VO2(R)(LTP) V-V=2.8509 Å V-O=1.9630+1.9630 Å 
Average 
V-O=1.9630 Å 1.4523 Å 
VO2(B)(HTP) V-V=3.0053 Å V-O=1.9347+2.0643 Å 
Average 
V-O=1.9995 Å 1.5030 Å 
 
Table 4.4 V-V and apical V-O distances for VO2 polymorphs. 
 
In the insulating state, π* orbitals lie above EF and the transfer of electron is not 
expected as the bonding 𝑑∥ band is completely filled while the antibonding 𝑑∥∗ band is 
completely empty. In the insulating state of VO2 system, the p-d overlap has similar 
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effect on the π band and therefore an increased V-O separation and decreased V-V 
separation (i.e. smaller cR/aR), brings the electrons to a localization limit and hence 
splits the d band into bonding and antibonding states. In the VO2(A) the V-V distance 
(2.7696 Å) is larger than the VO2(M) which suggests electron to be less localized in 
VO2(A) and hence smaller d band splitting. But in VO2(A) samples we observe V3d 
peak at higher energy as well as high resistivity which suggests that the apical oxygen 
atoms play an important role in d band splitting. If one compares the V-O distances in 
the VO2(M) (1.7618 Å, 2.0509 Å; average 1.9063 Å) and VO2(A) (1.6446, 2.2685; 
average 1.9565 Å) in the edge shared octahedra with their smallest V-V distances one 
would expect a small p-d overlap for the VO2(A). On the other hand in VO2(A) the next 
two V-V distances are too large to have any 𝑑𝑥2−𝑦2 direct overlap between the two V 
atoms which will further increase the localization in the smallest V-V distance and 
hence the largest d band splitting is expected in the VO2(A) and a shift in the π* band 
towards lower energy (Figure 4.13 (e)).  
 
Figure 4.13 V-V and apical V-O distance dependent orbital occupation changes 
for different polymorphs of VO2.     
 
The V3d peak in the HAXPES measurement spectrum for the insulating states of 
VO2(B)(LTP), VO2(M) and VO2(A) appears at 1.0 eV, 0.9 eV and 2.0 eV, respectively 
(Figure 4.12). Hence one would expect the larger d band splitting in VO2(B) compared 
to VO2(M) while the π* band also shifts upward as shown in Figure 4.13 (c). Hence we 
conclude that the d band splitting is not merely affected by the shorter V-V distance but 
 
Chapter 4                           VO2(A) and VO2(B) Polymorph on SrTiO3-Si Substrate   
96 
 
also affected by the next larger V-V distances. In A-phase three different V-V distances 
lead to Pierel’s like instability thus opening up a gap. However, an equidistant V-V 
separation (> Goodenough limit ~ 2.95 A) leads to the formation of a metallic chain 
(linear in M phase while zig-zag in B). As there is no structural change in B-phase with 
temperature (as suggested by Raman spectroscopy), the 4-orders of magnitude change 
in resistivity in concomitant with an opening up of a band-gap in HAXPES suggest 
VO2(B) to be a Mott-like insulator. The XRD of the films deposited on STO-Si shows 
as if the films grown on STO-Si substrate are more relaxed than the films grown on 
STO substrate. With the assumption that biaxial uniform in-plane strain, the decrease in 
d011 spacing as shown in Table 4.1 for VO2(M) deposited on STO-Si, from the Figure 
4.11 (b) the aM will increase while the apical V-O which is out of plane (along the d011 
direction) will decrease. 
Hence the cR/aR (= aM/d011) will increase which will not only shift the π* band up 
compare to VO2(M) but also will move the 𝑑∥ band up with a relative smaller 𝑑∥ - 𝑑∥
* 
bonding antibonding splitting. Hence the VO2(M) deposited on STO-Si will be more 
conducting. Similarly, for VO2(A) films deposited on STO-Si, the decrease in d220 
should result in increase in the cA axis and the apical V-O which is out of plane (along 
the d220 direction) will decrease. Hence again the cR/aR (= cA/d011) will increase which 
will not only shift the π* band up compare to VO2(A) but also will move the 𝑑∥ band 
up with a relative smaller 𝑑∥ - 𝑑∥
* bonding antibonding splitting. Hence the VO2(A) 
deposited on STO-Si will be more conducting. Contrary to it in the case of 
VO2(B)(HTP) the decrease in d002 will result in the decrease in the apical V-O distance 
and increase in the aB distance. Hence the cR/aR (= aB/cB) will increase which will 
further push the π* band up hence will be more insulating compare to the VO2(B) 
deposited on STO.        
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4. 5 Conclusion 
In conclusion, we have shown that the three polymorphs of VO2(A, B and M) thin films 
can be grown on 28nm STO buffered Si substrate. The films on STO-Si substrate are of 
slightly poorer crystallinity compare to films deposited on STO. A comparison of the 
Raman spectra of the VO2(A) polymorphs grown on STO substrates with those on the 
STO buffered Si substrates suggest that the former possess more deformation due to 
stretching of the lattice parameters resulting in Raman inactive modes due to the 
changes in the local symmetry. The overall Raman intensity of B phase is weaker in 
comparison to A and M phases which may possibly be due to a lower scattering cross-
section. Temperature dependent Raman spectra for VO2(A) and VO2(B) suggests 
phonon frequencies soften with increasing temperature by about 1% thus indicating a 
quasi-harmonic / volume expansion effect to the phonon renormalization. However, no 
abrupt modification in the spectrum suggesting no structural change in the temperature 
ranges for both the phases. 
 










In this chapter, we discuss the growth of the vertical nanocomposite heterostructure 
thin films of VO2(A) and VO2(B). X-ray diffraction (XRD) studies have been 
performed to examine the orientation, crystallinity of the films and the composition of 
the films. Local morphology, crystal structures, orientations and chemical compositions 
of phases have been identified using Transmission electron microscopy (TEM) while 
Raman Spectroscopy and MIR-FIR spectroscopy have been used to observe different 
vibrational modes in these composite films. Transport measurement have been 
presented to compare the properties of composite films with pure VO2(M) films. Here 
in this chapter we discuss in detail using various structural techniques and photo-
electron spectroscopy technique whether a structural phase transition is necessary for 




Chapter 5         Nanocomposite Heterostructure Thin Films of VO2(A) and VO2(B) 
99 
 
5. 1 Hetrostructures of VO2(A), VO2(B) 
 
An important starting point for this study was to explore the heterostructures of 
VO2(B)/VO2(A). The motivations for this work are following:  
(1) The chosen phases have the potential to grow epitaxially on STO substrate. 
(2) The growth kinetics of the individual phase depend upon the arrival rate of 
vanadium atom (laser frequency) and oxygen partial pressure so we expect the 
heterostructures can easily be grown by just changing the laser frequency.  
(3) At high oxygen partial pressure (5 mTorr), VO2(A) films grow at 5 Hz while VO2(B) 
grow at 2 Hz with a laser energy fixed at 2 J/cm2.  At the same growth conditions, the 
growth of the bi-layer VO2(B)/VO2(A), by just modifying the laser frequency (9,000 
laser shots at 2 Hz and 18,000 laser shots at 5 Hz), leads to a VO2(B) monolayer. 
Indeed after the growth of the first layer of VO2(B), the nucleation site for the expected 
VO2(A) layer favor a continuous VO2(B) growth. Thus in order to achieve the growth 
of the thin films heterostructure we deposited two layers at 2 Hz and 5 Hz, respectively, 
at laser energy of 2.4 J\cm2, which leads to the simultaneous vertical heterostructure 
nanocomposite growth of these two polymorphs. 
5. 2 Deposition of vertical nanocomposite heterostructure thin films 
 
Pure A and the B phase of VO2 and the vertical nanocomposite heterostructure thin 
films of VO2(A) and VO2(B) were prepared using PLD technique. A commercial 
Vanadium single crystal (100) orientated metal target with 5N purity (from Goodfellow) 
was used for all the vanadium oxide film growth. The chamber was pumped down to 
get a base pressure of ~10-6 Torr. The target was laser ablated using a pulsed KrF 
excimer laser having a wavelength of λ = 248 nm and pulse width of approximately 12 
ns. The laser spot size was 4 mm2 on the target. The laser energy density was fixed ~2 
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J/cm2 during the optimization of film growth parameters. The single phase films of 
VO2(A) and VO2(B) are grown at optimum oxygen partial pressure of 5 mTorr at 5 Hz 
and 2 Hz laser frequency respectively. The vertical nanocomposite heterostructure of B 
and A are grown at 2.4 J/cm2 laser energy density.  The heterostructures are grown by 
depositing two layers, x laser shots at 2 Hz and y laser shots at 5 Hz, with energy 
density of 2.4 J\cm2. A synchrotron was used to obtain the XRD spectra. The electrical 
transport measurements are done in the linear four probe geometry using PPMS. Cross-
sectional TEM specimens are prepared by Focused ion beam technique (FIB). STEM 
images are recorded in HAADF modes with a JEOL JEM-ARM200F electron 
microscope operating at 200 kV. Bulk sensitive x-ray photoelectron spectroscopy 
(HAXPES) spectra are taken at different temperatures for vertical heterostructure thin 
films using 3.5 keV. 
5. 3  Electrical transport nanocomposite heterostructure thin films 
 
The transport measurement as shown in Figure 5.1 depicts an insulating behavior for 
the VO2(A) phase, semi-metallic for VO2(B) and a metal to insulator transition for the 
VO2(M1) thin films. The transport measurements performed on vertical nanocomposite 
heterostructure (VNH) thin film with different composition shows a metal to insulator 
transition similar like VO2(M1) phase as shown in Figure 5.1. The dynamical change in 
resistivity changes for different composition and attains a maximum value for the 
B0.24A0.75M0.01 VNH. The M phase is spontaneously fored in this VNH and the 
determination of the composition will be described in a later section. Despite the fact 
that the MIT temperature for the B0.24A0.75M0.01 film is close to the MIT in VO2(M1) i.e. 
340 K, the hysteresis width has reduce from 12 K to 5 K. Contrary to that at lower 
temperatures from 300 K-150 K the resistivity vs temperature curve behaves like a pure 
B phase with larger values at respective temperatures with very small or no hysteresis. 
 




Figure 5.1 (a) Comparison of temperature dependent resistivity measurement for 
single phase VO2(M), VO2(A), VO2(B) and BA composite. (b) Temperature 
dependent resistivity measurement for different composition of BA composite in 
full temperature range (400 K- 150 K).  
 
Figure 5.1 (b) shows the resistivity vs temperature behavior for the films with different 
A and B composition. We observe that as the A composition increases in the film the 
resistivity of the composite film also increase which is consistence with the fact that 
VO2(A) films are more insulating than VO2(B). The resistivity drop is smallest for the 
film with least amount of A with composition B0.83A0.17 while it is the highest with 
highest amount of A with composition B0.25A0.75.  
 
5. 4 Structural characterization of vertical nanocomposite heterostructure thin 
films 
 
5.4. 1 X-Ray measurement  
 
A synchrotron XRD equipped with point detector was used to obtain the XRD spectra. 
The comparison of XRD pattern is shown in Figure 5.2 (a) for the pure VO2(A), VO2(B) 
and VNH of different composition. The composition of composite films where 
estimated by normalizing the intensity of the peaks using SrTiO3 substrate peak 
intensity and calculating the Lorentzian fitted area under the curve for each peak. As 
discussed earlier also in Chapter 4 the pure phase of VO2(A) on STO substrate is under 
1.3 % tensile strain while VO2(B) films are completely relaxed when deposited on STO 
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substrate. Figure 5.2 (b) shows the calculated d spacing for the A, B and BA VNH of 
different composition.     
 
Figure 5.2 X-Ray diffraction θ - 2θ spectra for (a) VO2(A), VO2(B) and the 
different composite of B and A, (b) calculated d spacing (b) grain size for VO2(A) 
and VO2(B) for the composites. 
 
A synchrotron X-ray diffraction system (XRD) equipped with point detector was used 
to obtain the XRD spectra. The comparison of XRD parent is shown in Figure 5.2 (a) 
for the pure VO2(A), VO2(B) and VNH of different composition. The X-ray diffraction 
of pure films as well as VNH showed that, as expected, each phase is oriented with the 
STO substrate such that [110]VO2(A)||[001]STO and [001]VO2(B)||[001]STO. 
The compositions of composite films were estimated by calculating the Gaussian fitted 
area under the curve for each peak and taking the respective proportion of each 
component. Figure 5.2 (b) shows the calculated out-of-plane d spacing for the A, B and 
BxAy VNH of different composition. We observe an evolution in the d spacing in direct 
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relation with the proportion of VO2(A) and VO2(B) respectively. This underscores a 
strain effect between the two constituents of the VNHs along the out-of-plane direction. 
From the out-of plane d spacing of the pure films we evaluate a difference of ~1.5% 
along this direction which can produce this strain effect. The Scherrer equation, 
𝐷 = 0.9×𝜆
𝐵 cos𝜃, where D is the grain size, λ the wavelength, B the FWHM of the reflection 
in the θ - 2θ diffracted pattern and θ the Bragg angle of the specific reflection, allows 
us to evaluate the grain size along the out-of-plane direction of each grain size of 
VO2(A) and VO2(B) present in the composite shown in Figure 5.2 (c). 
 
 
Figure 5.3 (a) 2D XRD plot χ vs θ -2θ for M, B0.25A0.75 and B0.71A0.29 thin film. Pole 
figure for (b) M phase film, (c) B0.25A0.75 and (d) B0.71A0.29 films. 
 
In order to determine the presence of VO2(M) phase we performed a high resolution X-
ray study on VO2(M) and two of the VNHs which show the largest dynamical change 
in resistivity across the MIT, namely B0.25A0.75 and B0.71A0.29. We find that the VO2(M) 
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is orientated at 45° in φ and 7° in χ with respect to the STO substrate (Figure 5.3 (a), 
(b)). Thus, we recorded the 2D XRD plot χ vs θ -2θ at 45° in φ and pole figure along 
the 022 direction of VO2(M) for the B0.25A0.75 and B0.71A0.29 films as shown in Figure 
5.3 (c) and (d).  
The VNH (B0.25A0.75) with the largest change in the resistivity presents a very tiny 
amount of VO2(M) phase as low as 1% while in sample B0.71A0.29, within the accuracy 
of our measurement, any VO2(M) phase is below the detection limit of synchrotron 
XRD. Figure 5.4 (a) underscores the presence of VO2(M) phase in the VNH (B0.25A0.75). 
The Gaussian fitted area under the curve of each component, M, A and B, extracted 
from Figure 5.4 (a) and (b), give the respective proportion of each phase in the 
composite. Thus the VNH B0.25A0.75, is renamed as B0.24A0.75M0.01. 
 
 
Figure 5.4 (a) θ -2θ XRD measurement at 45° in φ and 7° in χ for B0.25A0.75 and 
pure VO2(M) film. (b) θ -2θ XRD of the B0.25A0.75 nanocomposite film at 0° in φ 
and 0° in χ. 
 
5.4. 2 TEM analysis of nanocomposite heterostructure thin films 
 
Figure 5.5 (a) show the transmission electron microscopy (TEM) images of VNH 
B0.25A0.75. A remarkable feature of VO2(B)/VO2(A) films is the spontaneous phase 
ordering. The width of VO2(B) and VO2(A) grain is ~ 30-40 nm which is close to the 
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grain size calculated from the XRD measurements. Figure 5.5 (b) shows the enlarged 
image of the top left and top right highlighted rectangular areas in Figure 5.5 (a). 
Different grains assigned as 1, 2, 3, 4, and 5 are related to VO2(B) and VO2(A) phases 
with different orientations. For example grain 1 is (001) orientated VO2(B) while the 
next nearby grain (2) belongs to (110) orientated VO2(A).  
 
 
Figure 5.5 (a) Cross sectional TEM image of the VNH B0.25A0.75. (b) Zoomed 
images of the top left (TL) and top right (TR) recangular area. (c) Ball & stick 
model of crystallographic VO2(B)/VO2(A) vertical interface. (d) FFT of each grain 
(1, 2, 3, 4, and 5) assigned in the TL & TR images. 
 
Next to grain 2, is the 90° rotated (001) orientated VO2(B) grain. The next grain (5) in 
this vertical nanocomposite structure is the occurrence of (110) orientated VO2(A) 
column. In this VNH the VO2(B) and VO2(A) grains are arranged periodically. In both 
the TL, TR areas the grain 4 which connects the B column to A column whose FFT is 
shown in Figure 5.5 (d) (4) does not match with the FFT of either phases but resembles 
a superposition of the FFT of both phases. Figure 5.5 (c) is a ball and stick 
representation of the VO2(B)/VO2(A) VNH. The TEM analysis of this VNH shows that 
each phase is oriented with the STO substrate such that [110]VO2(A)||[001]STO and 
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[001)VO2(A)||[100)STO or [1�10)VO2(A)||[100)STO and [001)VO2(B)||[001)STO and 
[100)VO2(B)||[100)STO. 
5. 5 HAXPES analysis of nanocomposite heterostructure thin films 
 
The M phase data at two temperatures (Figure 5.6 (a)) clearly show the clean MIT in 
this phase, where the lower Hubbard band's spectroscopic signature appears as a peak 
at about 0.9 eV binding energy in the insulating phase at 300 K, while the spectral 
intensity is almost entirely transferred to the coherent peak at the Fermi energy at the 
higher temperature metallic phase.  
In contrast, the MIT in the BA VNH (Figure 5.6 (b)) is characterized by a very different 
set of changes in the spectral properties with temperature. The insulating state is once 
again contributed only by the spectral signature of the lower Hubbard band or the 
incoherent feature with no intensity at the Fermi energy. The MIT is signaled by the 
distinct change in the spectral feature of this sample, with a finite intensity at the Fermi 
energy. The Fermi cut-off is clearly seen in this sample at this temperature by the sharp 
change in the slope of the leading edge of the spectrum on the lower binding energy 
side. The broad feature with a peak around 1 eV is once again the incoherent spectral 
feature of the lower Hubbard band. So, this frame clearly establishes a MIT for this 
system with temperature. 
In order to see the differences between the M phase and this VNH sample, we compare 
the spectra of the two samples at temperatures where both are metallic in Figure 5.6 (d). 
Obviously, the two spectra are very different, with the spectrum of the M phase being 
almost completely given by the coherent feature at the Fermi energy with hardly any 
signature of the incoherent feature at a higher binding energy, the spectral feature of the 
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VNH sample is rather dominated by the incoherent feature, with a much weaker 
signature of the coherent metallic state at the Fermi energy. 
 
Figure 5.6 Bulk sensitive x-ray photoelectron spectroscopy (HAXPES) spectra 
taken (a), (b) at 300 K and 375 K for VO2(M) and VNH B0.25A0.75 films 
respectively. (c), (d) are the comparison of the spectra of VO2(M) and VNH 
B0.25A0.75 at 300 K and high temperatures (365 K for M and 375 K for VNH 
B0.25A0.75) respectively using photon energy 3.5 keV. 
 
The dominance of the incoherent spectral feature will be impossible to understand if we 
are to compare this data with any other metallic d1 system, where there is invariably a 
dominance of the coherent feature. However, our TEM study helps us to understand 
this puzzling aspect. Since the sample is a columnar VNH of B and A phases, spectral 
features are contributed by both phases. When we estimate the proportion of B to A 
phase ratio in a cross-section of the VNH sample probed by the photoemission process, 
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we estimate that the B phase contributes 25%, while the remaining 75% is contributed 
by the A phase. If we assume that the A phase is purely insulating over this temperature 
range, it will contribute entirely to the incoherent feature alone. Since the proportion of 
the A phase is much larger, it explains why the spectrum of the VNH is dominated by 
the incoherent feature. 
To complete the story, we compare the insulating M phase spectral features with that of 
the VNH in Figure 5.6 (c). It is clear that both exhibit only the incoherent feature with 
no intensity at the Fermi energy. However, there is a clear distinction in terms of the 
spectral width between the two spectra with the width of the VNH sample considerably 
larger. This too is easy to understand noting that the incoherent feature of the B and the 
A phase do not appear at the same energy, therefore the sum of the two, representing 
the spectral features of the VNH sample, is broadened by the energy difference between 
the two incoherent features. 
5. 6 Conclusion 
 
The metal insulator transition in VO2 has been studied extensively. In the linear chain 
of Vanadium atoms a Peierl’s instability causes the formation of V dimers which leads 
to the metal insulator transition. This transition is invariably associated with a 
monoclinic VO2(M) to rutile VO2(R) phase transition. The VO2(A) phase by itself is 
insulating while the VO2(B) phase shows a broad metal insulator transition at 150 K. In 
this part of my research work we showed that a composite film of VO2(A) and VO2(B) 
phases also exhibits a metal insulator transition similar to the VO2(M/R) phase 
transition. However, extensive TEM and temperature dependent XRD studies reveal 
that the film is mainly comprised of VO2(A) and VO2(B) phases and very little of M 
phase. The A phase is under compressive stress while the B phase is under tensile stress 
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and we believe this stress leads to the dimer induced metal insulator transition in this 
system presumably triggered by the small amount of M phase present. This raised the 
question “Is a structural phase transition necessary for the MIT in VO2(M)?”
 






Coherently Coupled ZnO and VO2 Interface Studied by Photoluminescence and 





We have investigated the photoluminescence and electrical properties of a coherently 
coupled interface consisting of a ZnO layer grown on top of an oriented VO2 layer on 
sapphire across the phase transition of VO2. The band edge and defect luminescence of 
the ZnO overlayer exhibit hysteresis in opposite directions induced by the phase 
transition of VO2. Concomitantly the phase transition of VO2 was seen to induce 
defects in the ZnO layer. Such coherently coupled interfaces could be of use in 
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6. 1 Introduction 
 
Structural phase transition (SPT) in VO2(M) can be understood as a change in crystal 
lattice symmetry associated with the tilting of VO6 octahedron and dimerization of 
Vanadium atoms along the c-axis which causes a 0.6% contraction along the at (a-axis 
of the tetragonal phase), 0.4% contraction along bt (b-axis) while along ct (c-axis) it 
gets elongated by 1.0% for the transition to monoclinic phase. Taking advantage of the 
spontaneous strain associated with the phase transition, a colossal thermo-mechanical 
actuation in VO2 micro-cantilevers was reported, making them suitable for thermal 
sensors, energy transducers and actuators with unprecedented sensitivities [134, 135]. 
Thus the phase transition of VO2 can be utilized to exert a large strain on an over-layer 
across the MIT. If the (VO2) phase transition can induce a strain on the over layer and 
change its optical or magnetic property then the phase transition can be monitored by 
other than transport measurement which will give an extra degree of freedom in device 
design. On the other hand such strain can also induce defects in the over layer which 
could also be monitored by measuring the over layer property leading to a better 
understanding of the behavior of materials under stress.   
There are very few reports on how the strain induced by the phase transition of VO2 
affects the properties of an over-layer. ZnO, the over layer used in this study, is 
recognized as a key material with a wide variety of commercial applications due to its 
outstanding versatility in electrical, optical and chemical properties. In this study we 
use the MIT in VO2 to induce a significant strain on the ZnO over layer and by 
studying the photoluminescence (PL) of the ZnO layer try to understand the response of 
the defects in the ZnO film to this in-situ strain. Since the PL signals of ZnO arising 
from band edge and defects are well understood this will constitute an ideal coherently 
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coupled interface that can be monitored across an MIT. If successful, this will pave the 
way for the study of the structural stability of a variety of interfaces. 
6. 2 Pulse Laser Deposition of VO2 
 
VO2 films were grown using pulsed laser deposition (PLD) technique. Commercially 
available single crystal target of Vanadium metal (99.99% pure) was used for the 
deposition. 100 nm VO2 films were deposited at optimized pressure and temperature of 
10-3 Torr and 500 °C, respectively, as reported elsewhere. Single crystal ZnO (99.99% 
pure) target was used for the deposition of 100 nm thick ZnO films (as confirmed by 
Rutherford back scattering (RBS) spectrometry) at a temperature of 350 °C in order to 
avoid the formation of different phases of VO2 when exposed to high temperature. 
Followed by the deposition of ZnO, the bilayer was annealed in oxygen at a pressure of 
10-3 Torr and 600 °C to improve the quality of both the VO2 and ZnO layers. Growth 
and orientation of the films were examined using X-Ray Diffraction using a Bruker D8 
Discover system. The photoluminescence measurements were performed (iHR 550 
spectrometer) using a 325 nm line from a He-Cd laser as the excitation source and the 
sample temperature was varied with a Janis closed-cycle helium cryostat system in the 
temperature ranges of 10-400 K. The electrical transport measurements were performed 
with van der Pauw geometry (Quantum Design-PPMS). 
6. 3 Growth of ZnO and VO2  
 
Figure 6.1 (i), (ii) shows schematic location and displacement of V atoms during the 
phase transition from monoclinic  to tetragonal across the metal insulator transition 
temperature. Figure 6.2 (b) show position of Vanadium atoms in the unit cell of 
epitaxially grown (020) VO2 thin films on Al2O3 (0006) and a schematic of the 
orientation of (0002) ZnO plane on (020) VO2 respectively. Since the VO2 grows with 
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the “a” and “c” in plane, the ZnO is subjected to lattice strain along both these 
directions. The estimated tensile strain in ZnO along the “ct” axis is ~ 1% and 0.6% 
along the “at” direction at and above the MIT. 
 
 
Figure 6.1 A model for i) Monoclinic ii) Tetragonal VO2 phase by slight 
displacement of Vanadium atoms. 
 
 
Figure 6. 2 (a) Position of Vanadium atoms in the unit cell of epitaxial grown (020) 
VO2 thin films on Al2O3 (0006), (b) Schematic of orientation of (0002) ZnO plane 
on (020) VO2. 
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6. 4 Structural Characterization 
 
6.4. 1 X–Ray Diffraction Studies 
 
PLD deposited films on c-axis sapphire showed high quality growth of VO2 and ZnO 
as seen by the θ-2θ (Figure 6.3 (i)) which show predominantly (020) VO2 and (0002) 
ZnO on VO2/Al2O3. The phi scans of the ZnO (101�1) plane shown in (Figure 6.3 (ii)). 
The phi-scan peaks at 60° intervals are consistent with the hexagonal symmetry of the 
epitaxial ZnO wurtzite structure. 
 
Figure 6.3 (i) θ-2θ scan of the ZnO on VO2/Al2O3, (ii) Phi scan of the ZnO 
overlayer. 
 
6. 5 Electrical Characterization  
 
Figure 6.4(a) shows a typical resistivity vs. temperature behavior of 100 nm VO2 films 
grown on c-axis Al2O3. The resistivity shows a drop of 4 orders of magnitude across 
the MIT (341 K) with a hysteresis width of 12 K. We have measured the resistivity of 
the ZnO-VO2 over layer and observed a hysteresis that is broader in the as-deposited 
ZnO film on VO2 with a smaller resistivity change (Figure 6.4(b)). This is mainly due 
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to the capping action of the ZnO which changes the oxygen stoichiometry of the VO2 
layer. The actual width of hysteresis of the transition of VO2 is more than recovered (~7 
K) upon annealing in oxygen ambience at 10-3 Torr and 600 °C (Figure 6.4 (c)). The 
dynamic range of the resistivity spans a smaller range compared to the VO2 alone due 
to the shunting effect of the ZnO conductivity. The hysteretic behavior of MIT in VO2 
remains intact despite the fact that a 100 nm thick ZnO film is on top. 
 
 
Figure 6.4 Resistance versus temperature of the (a) VO2 layer prior to the ZnO 
deposition. (b) As deposited ZnO/VO2/Al2O3. (c) Annealed at 10-3 Torr, 600 °C. 
 
6. 6 Photoluminescence    
 




Figure 6. 5 PL measurement of VO2(M) films in the temperature from 300 K- 380 
K during (a) heating and (b) cooling cycle. 
 
We have recorded the PL spectrum of VO2 thin film during the heating and cooling 
cycle which is shown in Figure 6.5 (a) and (b). It can be seen that the intensity of PL 
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signal of VO2 (Figure 6.6) is very weak compared to that of ZnO which infers that the 
PL signal of ZnO has negligibly small contribution from VO2.  
 
Figure 6. 6 Integrated PL intensity of VO2(M) films in the temperature from 300 
K- 380 K during heating and cooling cycle. 
 
In Figure 6.7 (a) is shown the PL signal from the ZnO film on VO2 subsequent to 
annealing in oxygen ambience at 600 °C. In the high energy side, as shown in Figure 
6.7 (a), the band edge luminescence can be fitted by three components centered at, 
373.96 nm (3.32 eV), 379.67 nm (3.26 eV) and 390.07 nm (3.18 eV). The peak at 3.32 
eV can be assigned to a donor–acceptor pair transition [136] and those at 3.26 eV and 
3.18 eV can be assigned to phonon replicas of the 3.32 eV peak. On the low-energy 
side of the PL spectrum at 300 K (Figure 6.7 (b)) the peaks at 560.45 nm (2.2 eV) 
(Yellow band), 613.34 nm (2.02 eV) (Orange Band) and 678.3 nm (1.83 eV) (Red 
Band) can be assigned to three deep-level emissions arising from defects. The peak at 
1.83 eV can be attributed to a donor–acceptor-pair transition with the acceptor being a 
Zn vacancy (VZn) consistent with the literature reports while the 2.2 and 2.02 eV 
(yellow/orange) emission peaks are associated with oxygen interstitials (Oi ) [137-139]. 
Another interesting observation is the lack of a large green band (2.45 eV) in our ZnO 
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films which is usually the dominant deep level feature in ZnO seen in the spectra of 
bulk crystals [140]. The strong red band (1.83 eV indicating the presence of Zn 
vacancies) and lack of the green band (absence of O vacancies) in our thin films 
suggest an O-rich growth condition.  
 
Figure 6.7 (a) Photoluminescence data of Band edge emission (< 425 nm), Defect 
Band emission (> 425 nm) and its Gaussian fitting for ZnO/VO2/Al2O3 
 
Figure 6. 8 PL Intensity at three different temperatures 300 K, 340 K, 370 K 
during heating and cooling for ZnO/VO2/Al2O3. 
 
Figure 6.8 shows the results of PL measurements at three different temperatures, at 300 
K (insulating region of VO2), around MIT of VO2 at 340 K and at 370 K well above the 
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MIT (metallic region of VO2) during the heating and cooling cycles. A clear hysteresis 
is seen in the defect emission and also the band edge emission.  
 
 
Figure 6.9 Effect of heat cycling for (a), (c) Band edge peak (integrated over 350-
425 nm). (b), (d) Defect peak (integrated over 425-650 nm) after 1st and 4th heat 
cycle respectively from annealed ZnO/VO2/Al2O3. The inset of (a) shows the 
Photoluminescence (PL) from VO2 (integrated between 350-425 nm). The inset of 
(c), (d) shows the Band edge (integrated over 350-425 nm) and Defect peak 
(integrated over 425-650 nm) of ZnO single crystal.   
 
The band edge luminescence (integrated over 350-425 nm) and the defect luminescence 
(integrated over 425-650 nm) are plotted as a function of temperature in Figure 6.9 (a)-
(d) for different thermal cycles. The integrated PL intensity of the band edge and defect 
peaks of single crystal ZnO as shown in the inset of Figure 6.9 (c), (d) shows a typical 
temperature-dependent PL, i.e, a monotonic decrease in PL intensity with increasing 
temperature, due to the increased non-radiative recombination. 
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However, the ZnO over-layer on VO2 (Figure 6.9 (a)) shows an increase in the PL 
intensity while heating till the MIT (the origin of which is not understood) followed by 
a dramatic drop in the intensity which remains low upon cooling back to 300K. This 
hysteresis is much broader than the electrical hysteresis which was actually measured 
during the second thermal cycle. This data clearly indicate the formation of defects in 
ZnO which do not recover when the VO2 recovers its original phase electrically.  
This is further supported by the defect luminescence in Figure 6.9 (b) which also shows 
a broad hysteresis curve excepting that there is a decrease while heating and an increase 
while cooling (opposite to the behavior of the band edge luminescence) implying an 
accumulation of defects in the ZnO due to the MIT of VO2. After a few thermal cycles 
the hysteresis curves for both the band edge and the defect luminescence become 
narrow as shown in Figure 6.9 (c), (d).  
If one looks at the changes in the defect luminescence, the predominant changes are 
found to occur at 2.02 and 2.2 eV transitions which are related to oxygen interstitials. 
This suggests that when the ZnO layer is subjected to the ~1% strain at the VO2 
interface the film responds by creating oxygen interstitials to accommodate the strain. 
When the VO2 layer recovers, the oxygen interstitials do not recombine concomitantly 
leaving a defective ZnO over a larger temperature range. It is highly likely that under 
such strain the ZnO layer may also form some dislocations. When such dislocations 
form, under subsequent cycles, part of the strain will be accommodated by the 
dislocations and hence less oxygen interstitials need to be created which reduces the 
difference between the heating and cooling cycles narrowing the hysteresis curves. In a 
recent paper on VO2 nano particles embedded with gold [141] a large optical 
transmission hysteresis was shown. However, in this case the electrical hysteresis could 
not be measured. So in this case the broad optical hysteresis could be associated with 
 
Chapter 6                                           Coherently Coupled Interface of VO2 and ZnO 
120 
 
material inhomogeneity. Moreover, Raman spectroscopy by Donev et al. [142] shows a 
broader hysteresis in smaller nano structures of VO2 compared to that in thin films thus 
attributing it to the defects.  Therefore, in our experiment the broadening of the PL 
hysteresis is a sure indicator of defect formation.  Interestingly, the PL intensity of VO2 
(integrated between 350-425 nm) shows a broad hysteresis much like the case of ZnO, 
(shown in the inset of Figure 6.9 (a)). This indicates the presence of defects in VO2 
which do not show up in electrical measurements but are very visible in the optical 
measurements.  
6. 7 Conclusion  
 
In conclusion, the coherently coupled interfaces of ZnO and VO2 enable us to probe the 
stability of the ZnO at the interface when subjected to the strain under a SPT. The 
photoluminescence in the ZnO layer enables us to understand the response of the ZnO 
to this strain and even help identify the specific defects that are manifested to counter 
the strain. Such coherently coupled interfaces where a strong SPT in one layer can be 
parlayed to an over-layer may enable us to design variety devices and in addition serve 
as an in-situ tool to study the effect of interface strain on the stability of various over 
layers. 
 





Chapter 7                                                




In chapter 7 considering the strong potential application in devices of the two 
polymorphs VO2(A and B), I investigate the electronic properties of the junctions 
formed in VO2(A)/ Nb-SrTiO3 and VO2(B)/ Nb-SrTiO3. The junction behavior of both 
the interfaces are studied and results on rectifying behavior of the junction as well as a 
detailed temperature dependent I-V and 1/C2-V are presented to study the electronic 
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7. 1 Introduction 
  
Probing electron transport across a Schottky interface between a metal and an oxide 
semiconductor is vital to the development of oxide electronics. Not only that, recently 
heterointerfaces incorporating strongly correlated electronic materials have attracted 
much attention due to significant electronic reconstructions found at the interface [143-
146]. These studies indicate that oxides interface electronic structure can change 
drastically from their bulk due to charge redistribution, combined with electron-
electron and electron-lattice interaction at the interface [115, 147, 148]. Although 
physics of charge transport across a Schottky interface between metal and Si is well 
understood, the underlying mechanism of electrical transport across an interface with 
oxide semiconductor as doped SrTiO3 (STO) can be more complex. However, for most 
oxide electronic devices understanding interface barrier formation and control will be 
essential. In this context, the study of rectifying junctions can be illuminating, both as a 
convenient probe of the interface and for its direct relevance for devices.   
In this work we study the interface electronic properties using VO2(B)/Nb-SrTiO3 
junction. A metastable polymorph of VO2 [referred to as VO2(B)] was first reported by 
Théobald et al. [149] The VO2(B) belongs to monoclinic system; C2/m; a= 12.093 Å, 
b= 3.693 Å, c=6.42 Å and β=106.97°. This compound undergoes a structural transition 
near room temperature that is accompanied by an anomaly in the magnetic 
susceptibility.  
7. 2  Deposition of VO2 polymorphs on Nb-SrTiO3 
 
Heteroepitaxial junctions between VO2(B) films and (100) oriented 0.01 and 0.5 wt% 
Nb: SrTiO3 substrates were grown by pulsed laser deposition.  Commercially available 
single crystal target of Vanadium metal (99.99% pure) was used for the deposition. 
VO2 films of thickness 25 nm (as determined by Rutherford back scattering (RBS) 
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spectrometry) were deposited at optimized substrate temperature of 500 °C and at 
different oxygen partial pressures. Growth and orientation of the films were examined 
using X-Ray diffraction (XRD) using a Bruker D8 discover system. The electrical 
transport measurements were performed with van der Pauw geometry (Quantum 
design-PPMS). 
7. 3 Transport Measurement of VO2(B) films of different thickness 
 
 
Figure 7.1 Temperature dependent Resistivity for VO2(B) (10 nm, 25 nm and 50 
nm thickness) and VO2(M) (50nm) films. The inset shows pattern of (a) VO2(M) 
(black), (b) VO2(B) (blue) thin films on SrTiO3 (100) substrate. 
 
Figure 7.1 shows the electrical transport measurement in the temperature range from 
150 - 400 K and 300 - 400 K during heating and cooling for VO2(B) and VO2(M) thin 
films respectively. The VO2(M) shows a typical semiconductor-metal transition at 
around 340 K while the VO2(B) film shows an approximately 4 orders of change in 
resistivity while cooling from 400 - 150 K followed by a large hysteresis during 
cooling and heating cycle. The thickness dependent resistivity of VO2(B) also shows 
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similar trend despite the fact that for lower thickness due to the substrate clamping 
effect the films show high resistivity at 300 K as compared to thicker films. This 
implies that the surface of VO2(B) is nominally metallic at all temperatures, while the 
MI transition is suppressed with decreasing film thickness. The inset of Figure 7.1 
shows the XRD of (a) VO2(M) and (b) VO2(B) films deposited on Nb-SrTiO3 (100) 
substrate respectively. Films are deposited at 5 mTorr O2 pressure and 500°C 
temperature. Film deposited at pulsed laser frequency of 2 Hz shows a (002) VO2(B) 
phase growth as shown inset of Figure 7.1. The VO2(M) has been grown at the 
optimized pressure and 500 °C.  
7. 4 Rectifying behavior of VO2(B)/ Nb-SrTiO3 
 
Given the well established MI transition in VO2(M), this is an ideal candidate to probe 
the interface electronic structure at a junction interface. Although rectifying junctions 
have been illustrated using VO2(M)/Nb-TiO2 [150, 151] and it has also been 
demonstrated that epitaxial films of VO2(M) can be grown, exhibiting a MI transition 
which is strongly coupled to the strain state of the film, so far, there is no report on the 
nature of MI transition in VO2(B) phase in the thin film form. Previous studies on bulk 
and nanobeams of VO2(B) suggest that VO2(B) also shows a metal to insulator 
transition like behavior as we cool down the VO2(B) to as low as 150 K [54, 61].  Oka 
et al. have established that the structural transition in this compound arises as a result of 
a V4+–V4+ dimerization, although the dimerization pattern is distinct from that reported 
in VO2(M). VO2(B), owing to its layered structure and promising properties is an 
attractive material for various applications especially as an electrode material for 
lithium batteries [62] In VO2(B)/Nb:SrTiO3 junctions, above TMI a Schottky contact 
would be expected between metallic VO2(B) and the n-type semiconductor Nb:SrTiO3, 
as illustrated in Figure 7.2.  
 




Figure 7.2 (a) Schematic density of states (above) for Insulating VO2(B) and the 
following band diagram (below) of a VO2(B)/ Nb: SrTiO3 junction for T <TMI. (b) 
Corresponding diagrams for metallic T>TMI. 
 
Crossing the first-order MI transition should induce a hysteretic change in the junction 
current-voltage (I-V) characteristics, in part arising from a shift in the chemical 
potential in VO2(B), as well as decrease in the junction capacitance C, reflecting the 
opening of the gap, as illustrated in Figure 7.2 (a). Instead, experimentally we find that 
VO2(B)/ Nb:SrTiO3 junctions are rectifying at all temperatures, and exhibit no sign of 
change in the interface electronic structure of VO2(B) across TMI. This implies that the 
surface of VO2(B) is nominally metallic at all temperatures, consistent with the 
suppression of the MI transition with decreasing film thickness as discussed in Figure 
7.1. 
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7. 5  I-V and C-V measurement for VO2(B)/ Nb-STO film 
 
Figure 7.3 (a) and (b) shows temperature dependent I-V measurements for VO2(B)/ 
0.01 wt % and 0.5 wt % Nb:SrTiO3 junctions. The device structure is as shown in the 
inset of Figure 7.3 (a). Silver epoxy was used as top electrode on VO2(B) and Al metal 
wire were directly wired using wire bonder to the top of the SrTiO3 substrate, to make 
ohmic contacts with VO2(B) and substrate respectively. Here forward bias is defined as 
positive voltage on VO2(B). The device structure is as shown in the inset of Figure 7.3 
(a).  
 
Figure 7.3 Temperature dependent I-V characteristics of (a) VO2(B)/0.01 wt% Nb: 
SrTiO3 and (b) VO2(B)/ 0.5 wt% Nb: SrTiO3. 1/C2 characteristics of (c) 
VO2(B)/0.01 wt% Nb: SrTiO3 and (d) VO2(B)/0.5 wt% Nb: SrTiO3. 
To estimate flat band voltages from the C–V characteristics, 1/C2–V plots have been 
performed as shown in Figure 7.3 (c) and (d) for VO2(B)/ 0.01 wt % and 0.5 wt % 
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Nb:SrTiO3 junctions respectively. The flat band voltages for each measurement 
temperature of the junction were estimated from the intercepts on the voltage axis using 
linear fitting of the plots in the range of 0–0.5 V.  
Generally, total current consists of both thermionic emission and tunneling component. 
Assuming that the thermionic emission is the predominant mechanism, the general 
form of the temperature dependence of current and the capacitance of a Schottky 
contact related to the voltage can be expressed as Eq. 1 & Eq.2 respectively.[152-154] 





(𝑉𝑏𝑖 − 𝑉)                                                         (2) 
Where, ΦB is the effective barrier height, A is the junction area, A* [A* = 4πqm*k2/h3] 
is the Richardson constant, m* is the effective mass of the charge carriers, R is the 
series resistance,  β = q/kT, n is the ideality factor, k is the Boltzmann constant, εs is the 
dielectric constant of SrTiO3, ND is the Nb-dopant concentration, and Vbi is the built-in 
potential. 
In case of thin films, the Schottky barrier height depends not only on the work 
functions of the metal and the semiconductor, but also on the pinning of the Fermi level 
by surface states, field penetration and the existence of an interfacial insulating layer 
[155]. 
Ohmic behavior of Ag/VO2(B) junction has been tested by linear I-V behavior. 
Considering work function in bulk Ag to be 4.6 - 4.73 eV and electron affinity (χ) of 
Nb-SrTiO3 to be 4.0 eV [156], we estimate the work function of VO2(B) film to be 4.5 
eV and the schottky barrier height ~0.5 eV. It is found that the I-V curves in Figure 7.3 
(a), (b) are nonlinear, asymmetric and exhibit clear rectifying behavior for all the 
measured temperatures. First observation is that for the junction using 0.01 wt % 
Nb:SrTiO3, n increases from two at high temperatures to large values at low 
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temperature. Large values of n can be attributed to the effects of the bias voltage drop 
across the interfacial insulator layer, the particular distribution of interface states at the 
insulator/ semiconductor interface, and the special barrier inhomogeneities at the 
metal/semiconductor interface [155, 157-159]. For 0.5 wt % Nb:SrTiO3 with a 
correspondingly thinner depletion layer, this effect is even more pronounced, 
suppressing the relative temperature dependence of I-V. The reverse breakdown 
voltage is estimated to be -19 V and -16 V for VO2(B) / 0.01 wt % and 0.5 wt % 
Nb:SrTiO3 Shottky junctions respectively at room temperature as shown in the inset of 
Figure 7.3 (a) & (b). This could be attributed to the sensitivity of the avalanche 
breakdown effect to Nb concentration [160]. 
 
Figure 7. 4 Temperature dependence of the built-in potential Vbi of the VO2(B) 
/Nb: SrTiO3 junctions, as derived from C-V measurements as in Fig. 3(c) and 3(d) 
for cooling (circle) and heating (square) cycle. 
 
Depletion width at zero bias depends on the doping concentration as in Eq. 3 
𝑊𝑑𝑒𝑝 = �2𝜀𝑠( 𝑉𝑏𝑖𝑞𝑁𝐷)                                                                (3) 
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Where εs, ND, Vbi are semiconductor permittivity, carrier concentration, and built in 
potential, respectively. Using ND, εs from references [161-163] and Vbi from Figure 7.4, 
we find depletion width to be 79 nm for VO2(B)/ 0.01 % Nb-SrTiO3 and 8 nm for 
VO2(B)/ 0.5 % Nb-SrTiO3 schottky junction. Similar results were also observed for 
Au/Nb:SrTiO3 junctions [164]. Aside from the difference in Vbi arising from the 
difference in work function between Au and VO2(B), our results match previous studies 
of metal Schottky junctions formed with Nb:SrTiO3. These results indicate that VO2(B) 
behaves as a Schottky metal at all temperatures despite exhibiting the first-order MI 
transition shown in Figure 7.2. 
Temperature dependence of barrier height Vbi has been extracted by fitting Eq. 2 to the 
capacitance data in Figure 7.3 (c) & (d) in the voltage range of 0 V-0.5 V and has been 
shown in Figure 7.4 for VO2(B)/[0.01, 0.05, 0.5%] Nb:SrTiO3. In Figure 7.4 we neglect 
the nonlinear permittivity of SrTiO3, leading to the unphysical drop in Vbi below 150 K 
for the junction. Barrier height is less sensitive to the temperature for VO2(B)/ 0.5 wt % 
Nb:SrTiO3 junction because in the VO2(B)/ 0.5 wt % Nb:SrTiO3 junction, the increase 
in Nb doping by a factor of 50 decreases the relative contribution of the depletion 
region in SrTiO3 to the junction capacitance hence high internal electric field in the 
junction drives the permittivity to the high field limit, which is relatively temperature 
independent hence the Vbi is less temperature sensitive [162, 164]. However, the 
smooth variation of junction capacitance and Vbi through the metal-to-insulator 
transition in Figure 7.4 with no hysteresis indicate no change in electronic structure of 
VO2(B) at the interface because of the clamping effect from the substrate.  
7. 6  Rectifying behavior of VO2(A)/ Nb-SrTiO3 
 
The junction behavior is also tested for VO2(A) by directly depositing the VO2(A) films 
on Nb-STO substrate. Figure 7.5 (a) and (b) shows temperature dependent I-V 
 
Chapter 7                                                        Rectifying Behavior of VO2(A), VO2(B)     
130 
 
measurements for VO2(B)/ 0.01 wt % and 0.01 wt % Nb:SrTiO3 junctions. Considering 
electron affinity (χ) of Nb-SrTiO3 to be 4.0 eV [156], the estimated work function of 
VO2(A) film is ~4.3 eV and the schottky barrier height ~0.3 eV while the work 
function of VO2(B) film is ~4.5 eV and the schottky barrier height ~0.5 eV. 
 
Figure 7.5 I-V characteristics of (a) VO2(A)/ 0.01 wt% Nb: SrTiO3 and (b) 
VO2(B)/ 0.01 wt% Nb: SrTiO3. 
 
7. 7 Conclusion 
 
VO2(A) and VO2(B) are two interesting metastable polymorphs in family of VO2 
system. The transport measurement suggest VO2(A) to be insulator while VO2(B) 
exhibits a strong first-order transition from a high temperature metal to a low 
temperature insulator. In this work we investigated the electronic properties of the 
junctions formed in VO2(A)/ Nb-SrTiO3 and VO2(B)/ Nb-SrTiO3. Although the 
junctions are rectifying at room temperature for both the junction, for VO2(B) the 
current-voltage and capacitance characteristics in the temperature range from 300 K- 
150 K show no indication of the metal-insulator transition clearly observed in the 
transport measurement. In conclusion this study suggests that in VO2(B) the MI 
transition is strongly suppressed at the interface. This is also coherent with the 
systematic evolution of TMI with film thickness. The STO substrate clamps the VO2(B) 
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to a higher symmetry phase at the interface and prevents the distortions which are 
characteristics of MI transition in VO2(B). Contrary to heterostructures which consist 
of non-conducting surface of dead layer, these results exhibit a persistent metallic 
surface with an unusual characteristic at the interface incorporating strongly correlated 
electron systems. 
 




Summary and Future Work 
 
8. 1 Summary 
 
We have investigated the different VO2 phases- M (R), A and B which are 
characterized by different V-V bond distances. This work presents a truly original idea 
for the growth of VO2(M), (A) & (B) phases in thin film form. The main idea, which is 
very unique and novel, is that by changing the vanadium arrival rate (in other words 
laser frequency of the PLD process) and the oxygen background pressure one can grow 
the various important phases of VO2 selectively. During the film formation process if 
the V-V interaction is strong (with less interference from oxygen), this leads to 
selective formation of phases containing shorter bonds. We also explored the possible 
suitable substrates for the growth of these phases. In the process, we have discovered 
that both the phases can be grown only on the SrTiO3 (100). Taking into account the 
possible technological importance of these materials, it was necessary to investigate the 
growth of these phases on Si substrate. Hence, SrTiO3 (100) (28 nm) buffer-layered Si 
substrates have been used to grow these polymorphs to make these phases suitable for 
Si based device technological applications. A molecular orbital picture is used to 
demonstrate the effect of modified orbital occupancy which is a consequence of 
different V-V dimer distances and apical V-O distances, on the electronic transport 
properties of VO2 polymorphs.  
We also investigated, whether in VO2(M) structural phase transition is a necessary 
condition to have metal insulator transition or not. For that we created an artificial 
VO2(M) like MIT using vertical nanocomposite heterostructures of VO2(A) and VO2(B) 
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for the first time. We believe that the lateral strain induced by column of VO2(A) on 
VO2(B) and vice- versa could be responsible of inducing a metal insulator transition 
very similar to VO2(M). The negligible amount of VO2(M) (< 1%) in these composite 
and no structural phase transition in the nanocomposite suggest structural phase 
transition is not necessary driving  MIT in VO2(M).           
We demonstrated a way to use the phase transition of VO2 to exert a strain on an over-
layered ZnO film across the MIT that induced defects in the over layer which was 
monitored by measuring PL. If the (VO2) phase transition can induce a strain on the 
over layer and change its optical or magnetic property then the phase transition can be 
monitored by other than transport measurement which will give an extra degree of 
freedom in device design. On the other hand such strain can also induce defects in the 
over layer which could also be monitored by measuring the over layer property leading 
to a better understanding of the behavior of materials under stress.  
We also showed the electronic properties of the Schottky junctions formed in 
VO2(A)/Nb-SrTiO3 and VO2(B)/Nb-SrTiO3 and showed that both the junctions show 
rectifying behavior. The temperature dependent 1/C2-V behaviors for VO2(B)/Nb-
SrTiO3 showed a smooth variation of junction capacitance and Vbi through the metal-to-
insulator transition with no hysteresis indicating no change in electronic structure of 
VO2(B). Hence we have confirmed that the surface electronic structure of VO2(B) is 
distinct at the interface of the film  and does not undergo the bulk transition. 
8. 2 Future Work 
 
VO2 and its polymorphs have proved to be an extremely rich system to work on. 
Besides extremely interesting physics, they also gives ample technological device 
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application scopes. Here are some of the very exciting opportunity that could be 
pursued: 
•  Investigate the doping effect in VO2(A) and VO2(B) films. The most probable 
candidates for doping are W6+, Cr3+, Mo5+, Ti4+ etc.; It will be interesting to 
investigate if by doping we can induce MIT in VO2(A) or can suppress the MIT 
in case of VO2(B). 
• In our study we found that these phases can be grown only on SrTiO3 substrate 
specially the VO2(A) phase. It would be very exciting to look for other 
substrates on which these phases can be established. Establishing these phases 
will allow us to study the effect of strain on the physical properties of these 
films. One exciting way to study the strain effect could be, as these phases can 
be grown on STO substrate only, using a buffer layer on top of STO. For 
example using BaTiO3 buffered STO with different thickness of BTO and then 
depositing VO2(A) or VO2(B) films. This will allow studying a strain effect 
induced by different layer thicknesses of BTO on these films.          
• Lastly, in our study we found that the V-V distances, V-O distance (i.e.; the 
cR/aR ratio) affects the band diagram and hence the transport and other physical 
properties. Based on our analysis we proposed a band picture of VO2(A) and 
VO2(B) with respect to VO2(M). It would be interesting to study the 
optical/infrared properties of these polymorphic films of vanadium dioxide 
(VO2) via Ellipsometry and near-normal incidence reflectance measurements 
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